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"Introduction
Ovarian cancer is one of the most common causes of cancer death in women. In large
part this is due to the late presentation of the disease. On this basis, it is clear novel
therapeutic approaches are warranted. In this regard, gene therapy represents one
such novel approach which may be applied in the context of carcinoma of the ovary. For
this technique to be successful clinically, highly efficient gene delivery vectors are
necessary to deliver therapeutic genes specifically to tumor cells. Tropism-modified
adenoviral vectors are the best agent for cell-specific gene delivery. Ovarian cancer-
specific markers have been described, such as mesothelin, claudin 4, CD40, which can
be exploited as a means to achieve specific infection via "transductional targeting". The
specificity of gene expression can be further improved by placing the gene under the
control of an ovarian cancer-specific promoter via a "transcriptional targeting" approach.
This "double-targeting" strategy achieves a synergistic improvement in specificity, thus
enabling a therapeutic result to be obtained.

This project seeks to develop an optimized gene delivery system based on a
combination of the best available transductional and transcriptional targeting
approaches for ovarian cancer. This system should result in highly efficient and specific
expression of toxin encoding genes in tumor cells, enabling these cells to be selectivity
eradicated and thus offering a novel technique for the achievement of ovarian cancer
gene therapy.
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"Body
In this initial period of funding we sought to identify candidate ovarian cancer tumor
selective promoters (TSP) to achieve transcriptional targeting. The ideal profile of a
useful ovarian cancer TSP is inducibility in target tumor cells and non-inducibility in the
liver ("tumor on/liver off') (2, 3). This is based on the concept that the intrinsic
hepatotropism of Ad requires the means to mitigate expression of vector-induced
transgene delivery to that site (1). Our initial survey identified the promoter regions of
the genes survivin (4), secretory leukoprotease inhibition (SLPI) (5) and mesothelin (6)
as potentially useful in this regard. On this basis, we constructed adenoviral vectors
(Ad) containing the candidate ovarian cancer TSPs. Rescued vectors were propagated
and validated by molecular analysis.

We next sought to evaluate the candidate targeted Ads in vitro. Whereas initial
screening could be endeavored via employment of immortalized human tumor cell lines,
this analysis was suboptimal in several aspects. First, immortalized cell lines may not
reflect with fidelity the gene expression profile of primary tumors (7). In addition, we also
sought to determine the "liver off' profile of candidate TSPs to fully establish potential
functional utility. On this basis we developed an assay method based on employment of
tissue slice material (8, 9). This employment of primary material allowed stringent
assessment of promoter function in target and non-target tissues. Employment of this
assay has allowed us to characterize the candidate ovarian cancer TSPs with an
upredicated level of stringency and to rank their utility for our targeting goals.

We have also begun to employ the defined ovarian cancer TSPs for initial proof-of-
principle studies to validate the gains which may accrue via our double targeting
strategy. In this regard, we have recently defined a method of transductional targeting
based on fiber knob serotype chimerism (10, 11). In this approach, replacement of fiber
knob of adenovirus serotype 5 with the corresponding knob region of an alternate
adenovirus (human serotype chimera or xenotype adenovirus) allows for target cell
infection via non-native cellular entry pathways (12). This is a critical capacity which
thereby allows derived Ads to circumvent the deficiency of the Ad5 receptor CAR which
is frequently present on ovarian cancer targets (13). Our studies thereby initially
employed our candidate ovarian cancer TSPs for transcriptional targeting in
combination with knob serotype chimerism for transductional targeting. These studies
validated the synergistic gains in tumor selectivity which could be achieved via our
double targeting approach (14).
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Key Research Accomplishments
• Adenoviral vectors were derived which embody transcriptional targeting via

candidate ovarian cancer tumor selective promoters (TSPs)

• Development of a novel substrate assay system for evaluation of ovarian cancer
targeting based upon "tissue slice" method

* Validation of utility of candidate ovarian cancer TSPs derived from promoter regions
of genes for survivin, secretory leukoprotease inhibitor and mesothelin

Demonstration of targeting gains via double targeting approach based upon defined
ovarian cancer TSP transcriptional targeting and transductional targeting with fiber
knob serotype chimerism.

Reportable Outcomes
1. Tsuruta Y, Pereboeva L, Glasgow JN, Luongo CL, Komarova S, Kawakami Y,

Curie! DT. Reovirus sigmal fiber incorporated into adenovirus serotype 5
enhances infectivity via a CAR-independent pathway. Biochem Biophys Res
Commun. 2005 Sep 16;335(1 ):205-14.

2. Stoff-Khalili MA, Rivera AA, Glasgow JN, Le LP, Stoff A, Everts M, Tsuruta Y,
Kawakami Y, Bauerschmitz GJ, Mathis JM, Pereboeva L, Seigal GP, Dall P,
Curiel DT. A human adenoviral vector with a chimeric fiber from canine
adenovirus type 1 results in novel expanded tropism for cancer gene therapy.
Gene Ther. 2005 Dec;12(23):1696-706.

3. Nakayama M, Both GW, Banizs B, Tsuruta Y, Yamamoto S, Kawakami Y,
Douglas JT, Tani K, Curiel DT, Glasgow JN. An adenovirus serotype 5 vector
with fibers derived from ovine atadenovirus demonstrates CAR-independent
tropism and unique biodistribution in mice. Virology. 2005. Submitted.

4. Le LP, Le HN, Dmitriev IP, Davydova JG, Gavrikova T, Yamamoto S, Curiell DT,
Yamamoto Y. Dynamic monitoring of oncolytkc adenovirus in vivo by genetic
capsid labeling. JNCI. 2005. In Press.

Conclusion
Our progress in the first year of this award has validated our central concept - double
targeting can improve tumor selective gene delivery to ovarian cancer targets. We have
established the utility of several candidate TSPs for ovarian cancer transcriptional
targeting via a novel stringent substrate assay method. We have show that these
transcriptional targeting methods may be combined with adenoviral transductional
targeting strategies to obtain synergistic gains vis A vis selective gene delivery to
ovarian cancer tumor cells.
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Abstract

/\denovi Lis serotype s ( Ac1) has been used for gene therapy with limited success because of insufficient mnfectiv ity iii cells with
low ex\pression of' the Primary receptor, the coxsackie and adenovirus receptor (CAR). To enhance infectivity in tissues with losv
CAR ex pression, tropismn expansion is required via nion-CAR pathways. Serotype 3 Dearing reCOViruLS Utili/eS a1 fiber-like cs 1 protein
to infect cells expressing sialic acid and junction ad hesion molecule I ( JA\M I ). We hyvpot liesizecl that replacement of the Ad15 fiber
w~ith al1 would result in an Ad5 vector with Ce-\R-indepenldent tropism. We theref~ore conlstruLcted a fiber mosaic Ad15 sector, des-
ieiumited as \d!5-rr . encodin- two fibers: the ('51 and the wild-type Ad5 fiber. Functionally, Ad5-cr I utilized CAR, siatic acid, and
JAMN I for cell transduction and, achieved maximum infectivity enhancement in cells wsith or swithiout CAR. Thus, we; have dleveloped
a ns'ty pe of' Acd5 vector w ith expanded tropism, possessing fibers fr'om Ad15 and reCoviruLs, that exhibits enhaniced infectivity via
CA R-indeperident pat hway Is).

2005 Eksesvicr Inc. All riiehls reserved.

Ku m/:Guien therapy: Adeniovirus: Reos II s: ry I spike prolein: Tropism expansion: Coxssimkic and ;idlio\ irius rececptor*

Adenoviral vectors, in particular human serotype 5 Confounds ditect exploitation of' eurrent Lceneration olr
(Ad5). have been widely employed for cancer genie ther- human Ad-bitsed vectors.
itpv applicaltions, Owing to their unllparalleled ability to To address this issue, strategies have been proposed
accomplish in vivo gene ttansfer [11. Despite this capac- to alter the tropism of Ad to accomplish CAR-indepeti-
ity, the limited efficacies noted in human gene therapy dent infction1 Of tumor cells [2]. Initial efforts to this end
trials have sutgecsted deficiencies of this vector vts-a-vts focutsed on the use of so-called retargeting adaptors thait
the achievem'ent of eflicient gene delivery. In this tegard, cross-link Ad to non-CAR receptots that ate overex-
if has been observed that human tumor cells frequently pressed on tumor cells [2,3].
manifest ai relative deficictncy of' the primary Ad recep- Genetic capsid mrodification has also been endeav-
tor, eoxsackie and adenovirus receptor (CAR) [2]. This ored to achieve these samle functional ends. This ap-
CAR deficiency renders many tumnor cells resistantL to proach has rationally focused on the fiber knob
Ad infection, undermining cancer gene therapy strate- domain, the primary determinant of' Ad tropism. to
gt as that requite efftcient tutmor Cell lransduction. Thus, achieve CAR-indepenident cell entry. Ad fiber pseutdo-
this unantictpated aspect Of tumor biology potentiatlly typing, the genetic substitution of either the entire fiber

or the fiber knob domain with its structural Counterpart
Ctorrespo0nimtin mmiihor Fax: -11 2115 975 7476. ftom another hum-an Ad scrotype, has beeni realized. Fi-
/f-mmmoi/ 41mh/mmom: CUriem 1Vinh.Cd1m I D. Cui iell. ber-pseudotyped vectors display CA R-indcpendent

006llb291 XIS - cec front niliter c 2(11) Eksc icr Inc. All rightls reservedl.
doi: Ill.1Il I /j~bre-. 200,0.7.014
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tropism by V Irtue of1 thle natural d Iversity in rcccptoIr cc- fiher. [lie fiber tlI domain ol'AAd5 was ainplilied by Pt.'R froml phistolid
ogni1tion found in species B and D Ad fibers. This ap- pNlitt.PK.3.6 [5]. The P'R prodIuct wasý cloned into pGEjM4ZT3DSI

prahhas identi fied vectors with superior Hin , cc~v tliitt citeodecs T31) reos ITO 071. resulting in pGEM4ZT3DS Idcl t~m-n
proach At -FH ile Ad5tai and entire (7 seqceII)C wals PCIR -ttnplificd hlom

to Ad5 in several clinically relevant cell types [4 6]. p)GEM4ZT3DS lde(IlainziiAd]tail, LISinti- the printers 5'-GCCATG
These studies clearly established that genetic capsid AAGCGCG('(('AI-\AC'CG(TCTGAi/A (sense). 5'-T'.FACTAGATGA
modification can achieve the goal ot enhanced t ranlsdLuc- AATG(CC'C'(AG;TGCCGCj ([he first antsense for addition o1 stop

tion of tumnor cells via CA R-independenit cell entry. codot[ (ild p01>[de[[ylatiot[ signal). Mitd 5'-GAAAT('AAITGTTTAC
On this basis, advanced Strategies to achieve further T1AGATFGAAATG(,C"C' thie second aintisease lor addition of .1/imt

restriciiott site). The 'sttliaat P(CR IprodttCt of thte (TI ChimerliC libe
inf'ectivity enhancement have beeii proposed. We prcx'i- \ clonted. into pNIEB.PtK.3.6. resulting in pNEB.P1K.3.6Admtail/l'l
ou-sly derived a fiber mosaic Ad5 vector that incorporates The seqluence of pNEB.PK.-I.6Ad~t6il/ol1 was conitiniet) by DNA
two distinct Ii hers: thie Ad5 fiber alnd it cliimeric fiber that se~lcrictting. tIhis 071 chiienrc Ihihr was dlesignated as Fs551

incorporates the Ad3 fiber k nob doma in. This strategy -To designl thte expression vector For thc 01I chimeirie [(her, we cloned

prvddvrletyvia two dle nt pth aswt the :I ASSI seq tenice ittto plasillid pshutt Ic-CM V lQbiogenc. Carlsbad,
proitvied vaial en) iry t [7] W ienet en poe Pa h ystrviI (Al. Tie resltilani expression pla~sinlit ssas desigimtac tedits pSIt tittIC-

aditv Cain inifetviy[7.Wenxteplrd trt
egy to expand Ad tropism by mecans of exploiting tie tro- Ir+',tc't'ion /ol s/ito t6c /hoi/r i for filwi moto 0/u t ( geuou i. The
pisni of ioii-Ad viruses. Specifically, we endeavored the construLct ssisbascl ott a liher mnosaic Adt genomne that eticodes tw\o

construction and characterization orfIi ber mosaic Ad 5 liher genesý (t ie Wild-tx pe .-d5 liber and Fiber-Fibrhin. designated its

vetos ha cntind ibrsofAd adreovilrLIS. In pr- 1. i7) il ithe LS regioil, siutcht hta.s been descri bet) pies oust y [1 3]. Otti
vetri htcnt e ihr fASadIp st ra tees'ssas to replaicc the Ii britin pairt inl the chitneric fiber PPF with
ticular. the receptor-binding molecule of serotype 3 tlie (01 Setpienee anld create the (71 chirneric liber I P5SI H). Coding
Dearing (T31D) reovirLIS. called the cTI proteinii was incor- seqIueceI 0' o~l ssas amplified fronti plasmnid pN EB.PK .3.6Adl~tail/C7I
poratedl into fiber mosaic Ad5 vectors together with the witlt [le priinters 5'-C'AGAACGiTT(GGGGiATCC'TCGCCTACG
wild-type Ad5 fiber. This fiber-like cyl attachnient pro- T(;AAGAAGTfAG;TAC and 5'-T'('CTC TAGATCC'GCCCGTGAAA

t i i CTAC'GCG(GGIACGAAACT -ite PCR product w\as clontetd itto
tein is known to bind sialIc acid [8] and junction ad liesion ,ilt/itsites it)I IF in plasmitl pZpTG; 5Pt-3 [13]. We replacedtlihe
mole01cule I ( JAM I4 l [9], whiichi together determine T3D 0 ibrit itt set)ICC Mcte till 01 cotlitig set) ueceI itt-fram-e with al earboxy-

reovirLIS tropism. Since T3D reovir-Its tropism is clearly tertrintallý eccieodet i-Itistiditie )6-Hisl stretch. resultitte in IF5SI H. The
distinict floni that of' Ad, thle ccTl pt'otei n is at promising result ma1 plsitnit) w\as d~esignated ts pZpTG51 /SI .61 1. Att Aglgt'/.gel

candidate For incorporation 'Into at fiber mosaic Ad vec- lrantit~lllt if this plaSMinit seas cloned inttt tlte .'tei site of

trwhch ould biiid to neoplast ic CellIs Using the wvidely pNEl3.PK~TSP [51 tto ttbtain a shuittle ilsisinid. designtatedt as
tor. whichpNPB. PK.fPSPFP5S h/P. \\ih (tetcoittani taitdent liber genes: tile 01l

expressed cell r-eceptor-sJAM I.siatlic acid, andI CAR. Our chtiiieric fiber. P-5SM) H. L tit hle tsiltl-tvie AtIS fiher
study est abhiishles at novel st rat egy to aichiceve inf ect iv it y f/i 'ii io btti re/ Iominttihitl Ad A Schle ntittic of th VlIe SC srUse ised in

etihancenrietit based on it fiher mosaic Ad5 ,cxctor, wvhich ithis Sitits is hottssn in tig. lB. Recomtibintatnt AdS getsititis conl-

contains fi bet's froni di flerent IVi rus fatiiilies, [aittic tettterifbe ets teeeset lio Iiogusrcin
hittatitti ill E01si 11 /i'ieij ni 11.15S13 sWith It itt-Iliteuarived rescett

'ragittetit of pN [B.PK.IF<SPf 5SI/1'5 essentially as decscribctt
Materials and methods pl-ies itSlN [14]. Thte ictiitithianti regtitn of tile geitomic clocitie \v as

SeqitetCetCd)priro to iratistectioti intott 293 cells. All vectors teem
(Ce/l/iesý. The i193 cells stlew p1 Wircltaet Jfrottt Niicrobixs hTilltrtti, pi'ojiýigtet iii 293 cells aittt pcirihict Ltsittg a stattda Oil protitetl [IS].

Oniariti Canada). Hutnan eiinbi-vouic rhtabstoitteosarllCoin RI) Cells The i'estiltattt liber intosaic irius s\as Ad15-oTl. Viral particle Is-p.)
human glio10t1W cell lu1Cte t I 18MG. 1Ittttat teat) andt iteck tuittlor Cell lute coricetr~itiiott stas ctctertititeid by the nitieliod of Mat~izel et al. [I161.
Fa~DIi. hLMItint otartat eattcer Cell lutesý P.-2. OV.-3. SK-OV-3, antd A\it ittfeCtiitts tCIte tas deteMittet) accttrittn to (lie Ad~iss' Vector
OVCA R-3. Chtittese iattisme cait ars[tI0) cells imid Lcc2 cells trere SYtseitt (Qbiuigetiet.
obtaittet froiti the Atnericaiti TN Ie (tit (t 01C ~ollet em (ATC(', P( 'R uwhitng/i/ii oi / (nlt gci'iiotti /i'oatt'ii.i. Viral iNA wss i
Matttssas., VA). -Ititnait titaritn (ittleiticaitcittstttti cell lutes OVA4 Mitt iiitplli~iet tlsittg the Tati t'CR ('ore Kit IQianei. Vailencia. CA). The
Hey stere ti kitt ti' gitrotit Dr Timintity j. Fiberleitt )-tirsirt Metticil setIticitceý it) tlte pritiers, stere ts hollosts: Atl~tatil-scttse 5'-A-TGA-AGC
Sch'ool. tiostoti. iMA) zinl tDr. Ititl W it)M.D. Anidter'sotn ('(icer GC(i(( AA6iACC('GIT TGAAGAT: Att~knob-anttisettse 5'-TTATFTCT
center. Hotttiot. TV) 'espcctielx . 1_929 cells, til l 8MGv-lt'AR-iail- T CGAAtGAIG..AAAAGT: aind 01 hceid-atttiseitse 5'-ATICT
less cells, tntd 21 1 B cells tset'e titttaittetlc ais tlescribetl )ireviiicisl5 TG( (;TGAAAC TAC'(i('CiG.
[8.10,t11 ]. C ell lutes strcii CIt iredCk Ill tiedI a CCottt11Citti(itIt \ mlstpplier.s /'rieIti /isti(/iiiiorI.i aim/ It ('steiti N'otting. To detect thIe incorpo-
(Mediateelt. Heritloit, VA. intl irsti Seteitlifc. Satiaiu /\it. ('Al. HItS ratton of libet's ill virLs partiCcls. Atd vectitrscq~ tltloi5.0x 109\s.p. weret

st\ts purcasdl~~ frttnt Ii~lveltt (Lognan. Ltil. All cells stere eritsrt it estilsd his StS PAGE andt \Vcstert iiblittittg1 as described pl-\ie L1s tls
37 'C iti a liiitsiitti)et ittitlospliete oif 0', (O 1 Iiritttatvlttiruut ttll iraI 1]
carcittirna cells \rere establishedittl cll UtureC 'mitt ['tesil Iialistitait (ilSCite Toi tltctcc rinittriz~atiiit of tlte c01 chimeric flber. P5S1. tite
1Ihuit obtaitetl 'romt patiemtts stitlt patltutlogicallx Cotthit tied Miitrii epCssiuiCit1 plasittitl pSltuttlC-C'MV-AdSig_ tsas tr(itisiettl) tratinstectet
(UItCettttcirctOtttl dcluritte strgcr) ait tietUiversits o' A~ijn. at Bit'- inttos 291u cells -S1 SUPCIereet iranslectioti Reaigtit IQiagen). C'ell
itlitvigiti I UA-3) Hosliitil. .'pr\)i~itl \as ibtbainetd troiut tlte LIAlt lesdIts stere used oir SrxS PAG 'E mtid Westerti bltittuig. I or JAM)
instit utittitnl Ret;ist'A Bita it)C lilIrtct(ILiisMIttt i siittlellIS. Ca uicer celts tclection, it patel otf eel) lines stits Itaisestet) for SDS-PAGE a itt

\\ Cre pun tfied 1'10i11t asCites Ilid hi\~ di plCies ttilxI dS~lcsrheu ittit11itti0- ate/c h\ Wei hltttiutg usiitg auti-JA-M I inituiclttuial altiiihttl
itta giet ic-based ietthiotds [12]. I13 BDIitscicuices ( Ittitecli. Palot Alto. ( A).

Get,)timiotjot h/uo hi/ittt'/ 1itt' rottNititi A scltetia it'ii) t Ite olI /?i'iitijtuttt /sutci'hi.s. Recniittbitauti T3D o~l was produltced as tIe-
cltiitieric fiber structure is; sIuosvi itl F12. IA. Tii tdesign [lie ol1 eltiuticiuc scri'ibetd il (iiattti'it et zil. [17]. At S liber kititb domuaint teconitiruiuta
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A

AdS fiber

tail shaft
knob

Reovirus fiber (cy])

head

Ad5tail-cyl chimeric fiber
(F5SI)

tail reovirus fiber

6-His tag

Ad5tail-csl chimeric fiber Aj jAf

w~ith 6-His (F5Sl H) MW

B AdS-c~l
Ad5Luc I

chimneric fiber + 6-His dfie
Ad5 fiber (FSSI H)

AEI rjADI

L5 L5

CMV-Luciferase CMV-Lucif'crase

H-ia I Schema~ ofl ibe, niosaiic Ad 5 genomcsý. (A) Kcyv comnponentis of the rs I ch imerie t b(er I n th e rs I chi mer ie fi ber,ý the tail of' AdS libel is fuLSed 1o
fie reOsiros fibe protein (7) (dlesigitated ats F5SSI). A six-histidlite (6-His) tag is fused to tie carboxs'-tertnint-S Of the0 (71 chimeric fiber through at

linker desit.,nated as,, FSS III). (B) Map of AdS genomnes with fiber mnodification. In both vector s, the ElI region is replaced by CMV pr om-ote?!
Iticilerase transeetie caissette. Ad5LiicI is it control virus that earries the wild-type AdS5 fiber AdS5-ol is at fiber- mossiei vector thit cariesc the (71
chimneric fiber with at cariboxy-teirminalI 6-His ta, I F5SI 1-1) as well ats the wild-type AdS fiber.

protein wa;is produced aiid purified ats descrihedf previously [5]. Cont- temperature (or I h prior to cell inflection. Subseq uent procedures Were
centration of protein in all experiments wits determined by the Brad- same ascdescribed above. Data are presentedias mean values i SD.
ford ineithodf IBio-Rad Laboratories. Her-coles, CA). /-/oir viuomet;iri. For CAR detection. thec cells ss el- itteobated ss ith

hi -i- c',o~/ros-.CellIs were itnfec ted wvit h s i iis ait 37 0C 2 ug/m I of the ainti -hIto ma CAR inon oclon al anti hodl R me B
fI'r1I I1 1 Mid Uintbouond v i roi \ss w sash ed away.v Al'her 24 Ii of itncuhati on h yb ridlomai wSas p Licrha sed h'o in ATCC I or itormalI moluse IgO I
at 37 'C, i lUCifer'iISe als!ay wa!is perf'ormed I Promegcai. Madison. WI) f Signnai-Aldrich) Ifor 1 11 oni ice. Suibsequently. the cells ss crc waished
itcco rdfiiig to thIe nisa nofact tit iers inist ructions. DamIL a ic presetted as, andi iincohatt wlsvithb F ITC-co njioga ted ~iitnti-tOouse ILgO (Sigma-iiiAldrih)
nittea valuesC. 1 SID. for ani ad ditionatl I h.- For sin lie acidf incalsLi remen t Cells sse i-c i neLibhactd

Comipc-ihiii cilihioitio uoui-. Recombinant AdS5 fiber knob proteins ss-iih I fig/in) FIIC-labeled ss beat germi agglutinint IWGA: Sigma l-Al-
or initi-JA NI I polyclorial antibody Ic-I15, Santa Cruz Biotechnol Oggy. d ich I on ice for I h.- After wsashiing wvith I",, BSA/PBS. thft cells wsere
Sani (ita C r u z. CA) wa is initcohu tcd ",i tl1- th11 ceI Is a t 3 7 'C for I5 m iii pIiio r t o analyzedl by Hlow ctionseiry att the U)AB FACS Core Facility -

infecction. Alternatiively. cells sict treated with 333 millionits/inl1 of'
( Yusthidiuit 14iciriiiiei'Ii Oeiiritfliniclase type X I Sigmni-AlLcrich. St.-

Louis. MO1) at 37 'C' for 30 mini to remove cell-surfa'lce sialic acid. In)l- Results
loss-ee by Sm syasieshcs\ith PBS. Cells ss re bhetsadsorbed with viru~ses at

37 `C for I 1I. Uniiho nitCI s-i rlos atid bloc king a gentts were washed awisvy. Gcwtyion of u-himttchfih'r (ESSI ) 'ofi~liiniog tColtiltIt5 (7!
Al'tcr 14 It of iticobat ion it 37 'C. thft cells wvere processed for luciferase Gni(

ýi~sii. is decscribed aibove. For a I blocking experimesnts, attti-T3 D ri I
anstibody )9BG5, at gil't f'rom Dr. Patrick W.K. Lee, University of' To create a functional chimeric fiber structurally corn-
Cailgacry. Calgary. Canada) [IS] wasiti CLbibatd with virus at room patible with Ad5 capsid incorporation, we desigtned the
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CT I ch Imeric liber to comprise Idie amnI no-termininalI taIlI segg- of thc Ad5 genfomrc. We employed a tandemn-fiber cas-
mrent ofthe Ad5 fiber sequence genietically fused to thecen- sette wherein the F551 H cr1 chimeric fiber was posi-
tire T3 D CT protein, with ( 551 N or without (IF5S I )a tioned upstream of- the wild-type fiber gene. In this
carboxy-terminal 6-1--I is tag as at detection marker confhienr1ation. eaCh fiber was positioned before the
(Fig. I A), untranslated sequences or the wild-type fiber to provide

Prior to Ad5 vector design, we evaluated the trimecr- equLal transcription, splicing, polyadenylation, and regu-
ization capacity of dI e cT I chimeiric fiber (F15SlI). using lation by the major late promoter. We constructed El -
pShut1tle-CMV-AdSig, a fiber expression plasmid. Fol- dleleted recombinant Ad genomes (Ad5-CT I) containing
lowing transrection of 293 cells, cell lysates wvere Suibject- the wild-type AdS fiber, the o~l chimeric fiber
eel to SDS-PAGE and Western blot analysis using two ( F5S t H). and a firefly IluciferaSe reporter gene controlled
primary antilbodies, the 4D2 monoclonal antibody by the CMV immediate early promnoter/enhancer. Fol-
(Neomarkers. Fremont, CA)I that recognizes the Ad5 fi- lowinu virus rescue aind large-scale propagation in 293
her tail domain common to both the wild-type Ad5 and cells, we obtained AdS--CT vector at concentrations
the cT I chimeric fiber. and an anti-T31D cT I polyclonal ranging f'romn 1. 1 x 10 1i v.p./mIr to 5.31 x 10"2 v.p./mI,
antibody (a girt rrom Dr. Max L. Nibert. Harvard Med- depending on the individual preparation. These concen-
ical School, Boston, M A) that recognizes CT I. We detect- t rations compared favorably with that of AdS Luc] at
ed a band 'for AdS fiber from 21 1 B cell lysates [I1)] at 3.74 x 10' 2 V. .p/1mI. In addition, the v.p./plaque-forming
approximately 180 kDa with the 4D2 antibody (Fi~g. 2. unit (PFU) ratios determined for AdS-cr I and Ad5Luc I
lane I ). This band corresponds to thie trimecric fiber mol- were 22 and I13.3 respectively, indicating excellent virion
Miule, While an approximately 60 kDa band in boiled ly- integrity for both species. Of note, the control vector

sates represents fiber monomers (lane 2f. The chimeric used throughou1-t this Study. Ad5LuICl. is isogenic to
fiber was detected with both the 4D2_ antibody (lane 3) AdS5-cTI in all respects except for the fiber locus.
and an anti-T3 D CT 1 anti body (dlata not shown) ait an
apparent Molecular Imass of' 160- 1 70 k Da W hen heat Dc/miiilon ol fiber gene conifigni'nlionls 1br jieher mfosaic
denatured. the monomeric chimeric liber was detected Ad
at an a pparert molecular mass of S0 k Da (lane 4). This
analysis demonstrates that the cTI chimeric liber F5SSI 'is We confirmed the fiber genotype of Ad5Luc I and
capable of trinierization. which is req uircd for Ad ca psid AdS-CT I via diagnostic PCR. using AdS fiber or the CT I
inco rpo rationi. chimieric fiber primer pairs and genomes from purified

virions as PCR templates (Fig. 3A). To confirm that
Conlsrcu(ionl u/f/her 171wsan lctnscx% Ad 5-CT I vi rions contained both trirrmerized fibers, we per-

formed SDS PAGE followed by Western blot analysis
We sought to create a fiber mosaic Ad5 encoding on viral particles. Using thie 4D_2 antibody we observed

botb the AdS fiber and chimeric fibers in the L5 legion fiber bands at approximately I8O kDa for uinboiled sam-
ples of Ad5Lu1Cl and AdS-CT 1 virions, corresponding to

Ab Ad5 tail (4D2) fiber trimers (Fig. 313, lanes I and 3). In boiled samples.
the 4D_2 antibody detected bands of appairent molecular

1k!)) Li h U 1) mass of approximately 60 kDa. indicative of fiber mnono-
mecrs (lanes _2 and 4). Due to the near-identical sizes of

182.9 -the CT 1 chimeric and the wild-type AdS fiber proteins.
it wats difficult to visualize both fibers Simultaneously
via Westerii blot with 4D2.

801.9
63.8 - To) confirmn the presence of the CT I chimeric fiber pro-
49. tein ]in virtons. we used the anti-Penta H is monoclonal

antibody (Qiatern) that recognizes 6-14is tags (Fig. 3C)
and the anti-T31D CT) antibody (Fig. 3D). Using the

1 2 3 4I anti-Penta H-Iis antibody, we observed the fiber bands

t ig. 2. Western blot a nit1 si ofI -58! ellimeijlicii iber pirotei i tl~i[so corresponding to hot h trimeric and moiiomeric CT I chl-
transientis, translected ce~ll. Fiber proteins mu crc detected h\ nntiA( mci ic fiber proteins ( Fig. 3C, lanes 2 and 3). The t rimrer-
fiber tail cmntibod\ H-D2t. Lanes I aind 2. 21 1 BCell 1\saite uiý 9)55~ii ic band of' lie CT 1 chimeric fiber was also detected with
control Jor bc wild-type AdS fiber: aic 3em 3 14, pSlhttittc-CM V-AdSi,_ tic ant i-T3 D CT I anti body ( Fig,- 3D. lane 3). however.
tran~steetcd 2-93 cell lysmite Ior F58 I clinmerle Odcrcdetection (ýI without the monomeric hand of tie CT 1 chiimeric fiber protein

t-tsj ''e se cll ~sits crn21I 3celsespesin Weumldtutc d> sWas faiint biecause of' relatively weak biindiing affinity of
tiber as a porsitiveconitiol orm detection ot Ads libel The sýiiniplesil iiilnes the tiiti-T3 D CTl aintibody (Fig. 3D. laincs 2 and 4).
-1md(4 %\Cie hem1 dCiMllitnd (hi. Mu iic resu~lted ill dlisociaiioii ii'ttiioeiiC

proteins~~~~ tomnmr.wielneslid * oiit;iii pritcins iri beiirmliatix These results Coiifirii that the triiieric F5StH CT I chime-
tralri ciiiii~iio Iiiiiiedht). nc Oict- was inicorporated into AdS-CT I virions.
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A Ad5-&5 Ad5Lucl pVKAd15-(3l Control

2000-
15000

1000 -

1 2 3 4 5 6 7 8

Ad5 fiber primers +

chimet ic fiber primers +-- +

B (WD) L1 b ut b C (kD) b U b D (k D) a b U b

182.9-

80829

80099

49.5 -63.8
63.8 - ~ -49.5-

49.5 -26.0-

26.0)
1 2 3 4 1 2 3

1 2 3 4
Ad5 LucI Ad15-oI 6-HI-s Ad5 knob Ad5-5 ol

Gl protein AdS-G I

FiL. 3. AnitlYsis, of fibers in rescued v~iral par ticles. (A) Detection of liber genes in Ad genomre. Rescued vira I pariticles wer e analyzed wýith PCR. UsineL
pairs of AIS5 fiber primer s or (tI chimeric Fiber primers. p\IKAd5-rx I\\,ias Uised ats a posit ive cont rol foi bot Ii fi bers. No PCR temrplait is designated as
Control. (B D) Western blot aintilysis of fiber proteins in purified virions. I B) A total of 5.0 x 109 v.p. per lane of Ad5LucIC with the wild-type AdS
fiber lane~s 1 inla 2) or AdS-nIl with dual Fibers (lanes 3 Lind 4) were restispetidecf iii Laemnnli b~iille prior to SDS-PAGE and electrotitinsfer and
dletected writh the 4D2 ititi-AdS fiber tail antibody. Thle sam pies in sties 2 and 4 were boiled (bI, while sites I and 3 luinboiled (Lul) contain pr oteins in
their native trimere ic onfigUration. IC) A total of 5.0 x I109 v.p. per lane of Ad15-n7 with dual fibers, Isites 2 and 3) wats probed with tin anti-Fi-His
aittilbody. Laime 1. recoithibinatt Ad5 knob with it 6-His tag asý at positive antibody coiitrol: lQoc 2. Utiboilecf Ad5-nTI x irions: and little 3, boiled Ad5-of1
\ir ionis. The a rrcxw indicates thc positiotn of the trim-eric nI) chimeric Fiber protein. I D) A totail of 5.1) x I0" v.p. per lane of' AdS-rl %N sith dlual fibers,

(laimes 3 and 41 were probed wvith an anti-T73D (7I antibody. Laneis I and 2, recomnbinant cyI protein. The samples in lanes 2) andt 4 were boiled, while
lutes 1 and 3 contain proteins in their native trimeric conFiguration lunboiledl.

A415-rrl tutor cexhihirs Ito/ito AeI5 t'ropismh Incubation of L I I 18MG-hCA R-tai I less cells with recomn-
binant Ad5 kcnob protein at 50 ftg/mil prior to infection

Our hypothesis was that the inclusion of the a I chi- efficiently inhibited over 70'V% of Ad5LuIcl and Ad5-ci)
meric fiber, F5S I H, into an Ad5 vector would provide Iluciferase activity (Fig. 4B). These data indicate that
infectivity enhancement to Ad-refractory cell types via Ad5-GIl retains CAR-based tropism, confirming the
expanded vector tropism. To test whether this vector re- functionality of the wild-type fiber in our fiber mosaic
tamned CAR-dependlent tropism, we evaluated Ad5-uW Ad5.
infection in a pair of tumor cell lines that vaty only in
their CAR expression. The human U I 18MG gliomna cell Ad-5-al tee/or exvhibits sialic icie/- andr JA AiI-dje1?neient
line is CAR-deficient [I1I1. The U I I 8M G-hCAR-tailIless troj.ism)
cell is a CAR-positive variant line that artificially
expresses lie extracellular domain of hLrtmanI CAR To confirm that Ad5-cW exploits the non-CAR recep-
[Ill. Ad5Luc I was used as a positive control for CAR tor sialic acid aind JAM I by virtue of the chimeric fiber.
binding. As shown in Fig. 4A, Ad5Lucl exhibited we further characterized Ad5-GI1 tropism by performing
CA R-dependent tropism, as shown by a 40-fold increase competitive blocking experiments using 9BG5, a Gy I -spe-
tII lrtciferase transgene expression in U I I 8MG-hCAR- cific nmonoclonal antibody that recognizes the T3D cr1
tailless cells relative to the parental CAR-dleficient head domain and blocks ol[/JAMl interaction [181.
U 118MG cells. Similarly, AdS-cl exhibited CAR-de- Pre-incubation of AdS-aTl with 9BG5 prior to infection
pendent tropism, as demonstrated by a 53-fold increase blocks over 50'Y, of AdS-cr I transgene expression itn
itn transgene expression in U I I 8MG-hCAR-tail less cells L929 cells, a sialic acid and JAM I -positive cell line comn-
relative to the CAR-dleficiertt U I 18MG cells (Fig. 4A). motily used for propagatintg reoviruIs (Fig. 4C).
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A [Adl5Luc I B U I 18MG-liCAR-tailless

*Ad5-5 ..t) 0.. Ad5Lucl
I .00E-r06

,ýz 100 .... A d -i

I .0(E+0)5 8

1.00E±04 I4
I '5))03

U18MG U118MG hCAR- 0) 0. 5 5

cell lnestallessAd15knob up/l

C L99D _929

60006000J

400 4(00)0

2000 2000

0 40 0 2001 1 0

Antinc \h pphl JAM IAb (,nl

Hey<II0i
Blockin rt reatmenert

Fitz,. 4. Evaluation ol the erficacy antd receptor speccilieity, of Ad5-(Tl mediated gene transfer. (A) AdSý-rn) inltWion Ora Ian prirH1 oftmrCell lines thtat
vary, only in thenr CAR expression. U 1 1,WG is a parerthil CAR-deliciero htuman afliorna cell line. w5hereas, U))1 8MG-hCAR-tailless stably expresses

the extraCelltrlar' domr1inl of htrnsa n CAR. Cells were irtfected with Ad5LLuC I (hay ba) and AdS-rn I (black bar ) a(t 1) v.p.. ce)). Luciferase activity was
measured 24 It post-infectiot anrd is expressed asý relative ligh) units R LUJ). I B) Recoinhirtart AdS (hber knob protein blocks AdS-ofl attd Ad5Lucl
oene transfei U I I 8MG-hCA-R-tailess cells, WCere incubiatcd with 100) v.p./ce)) of A\dS-rtl or Ad5LLrIC Is\\ith or without recombinant AdS fiber knob
protein at the jindicated concentratiorts. Ltcrcifrase arctivity wais determsinedv 254 ht post-infectjolt. Al) IL ircifasC saltres werie normalizcd againtst )he
activitv of controls rceiviing no knob valuecd rt I0",ý (I'71 C)o antrbodv blocks. Ad15-rt1 acne transfer (71 arrtibody was incubated with Ad5-mI1 or
AcISLuc I at 100s .p/cc)) for I It prior to tltc mnfectiorn to L9_29 cellsý. Ltrciferasc activity was determirted 24 hi post-itsfcction. (D) Att anti-JAM I
antibody blocks A-d5-ml1 itfcction. L929 cells ssere intcubatted w itht 100 v.p./cell of AdS-rn I oi ,-\SLLIcl swith or wvitboLrt anti-JAM)I antibody (JAM)I
Ab) rt the intdicated corscertratiorts. LUrciferaselCtis its stints determtirned 24 It post-irstection. ( ) AnalNsis of' AdS -i I rceptor usargc in Hes' cells. C
pe~r'r/grt'crr netrratniidase (NM), art arrti-JAM I rrrtiod\ (JAM)I Ali), arrd iceorbinant Acd5 fiber knob protein (Ad15 knrob) vvere emnployerd to block
AdS5-rtl infection. Hey cells svere eithltc urrtrcrted or treated svith 333 mifliutrrit/mI rsetrrrrrridase. 100f lrg/tl artti-JAM I arntibody, 50 lrg/ml

recomnbinantt Ad15 fiber krtob protein. bothr rsurantlinidtrsC and an artui-JAM I antilbrwv or combined reauCotS swithi neuraminidlase. artti-JAM I
antibody. anrd recombinant AdS5 (iher krnob protein. Cells stcew irscrrhtrtd witht AdS-n) or Ad5LLrrI at 100 vp/cell and lstrvested 24hI later for
luciferase aictis its,. All ILucifrlase saltues were rtormatliz.ed rguirrst thre activ its' of cortrols rcccisinc to blocking trcattrIcnt valined at If))''.. Each data
pointt is.ý an ts'r ae_ of' Iorr replicates. IThe error bars irndicare standard rdeviartiorn
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Table 1

Ad5-i-;I ILIcrtelose gene expression and co-receptor expression in v'riou.- cell lines

(Cell line JAM I1 Sialic acid" CAR' CAR relerence Activity vs. Ad5Luc Il

FoIl ilc(rea w' i[ /ha A'i/Ia.u
L 929 P P L/N Flo\,, cytomctry data 45.3

OV-4 P P L/N Flo,\ cytonetry data 5.8

Hey P P L/N Flo\% cytometry data 7.0
OV-3 P P L/N Flow cytornetry dait 4.7
ES-2 P P L/N Flow cytomctry datnr 10.7
SK-OV-3 P P L/N Kirshentseva et al. [22] 4.4
OVCAR-3 P P M Kelly et il. 21] 8.5
L II 8MG L/N P L/N Kin cta il. [I I 6.1
U I I8MG-IhCAgR-tille., L/N P P Kim ct al. [I1- 5.5
RD L/N P tUN Cripc et al. [201 6.4

I1iDnr P P L/N Kaiono et al. [19] 3.9
CHO L/N P L/N Flow cytornetry daitnt 6.8
I.ec2 L/N N L/N Flow cytometry daita 2.3

"P. highly JAM l-positive: L/N. little or none. As determined by Western blot analysis.
pý P tiwll, sialic acid-positive: N. none. As determined by flow cytometiic analysis.

P. hiililv CAR-positive: M. moderate: L/N. little or none.
tMultiplicity ol inlfction rnnttged from 10 to 1000 v.p_/cell. Lucilerase activity was measured at 24 h post-infectiort.

The nI] protein has been reported to utilize the co-re- infectivity in several cell lines. fable I shows the co-re-
ceptors JAM I and sialic acid [8,9]. It has been shown that ceptor expression profiles and infectivity of cell lines
the c-I knob-like head domain binds toJAM4I localized on tested [19-22]. As expected, Ad5-al provided the maxi-
the cell surface and that an anti-JAM I antibody reduced mum increase in gene transfer (45-fold) relative to Ad5-
reo'virus replication 10- to 100-fold [9]. Similarly, in the LclI in L929 cells, which express (7l receptors sialic acid
presence ofanti-crl oranti-JAMI monoclonal antibodies, and JAM I, but no detectable CAR (Table 1, Fig. 5A).
a 4-fold decrease in sialic acid-independenrt cyl bindinghas In other sialic acid/JAM I-positive and low-CAR cancer
been reported [9]. To further explore the role of JAM I in cell lines, Ad5-nl also provided increased luciferase
AdS-cyl infection, we perforn-med competitive blocking activity from 3.9-fold (FaDu) to 10.7-fold (ES-2) (Table
experiments using an anti-JAM I antibody. We used the 1, Fig. 5A). Furthermore, in cancer cells expressing only
JAM I-positive L929 cell line for these studies. Exposure sialic acid that are JAM l/CAR-negative, Ad5-cal pro-
of L929 cells to 100 ltg/ml anti-JAM I antibody resulted vided more than 6-fold higher luciferase activity relative
in approximately 30' inhibition of AdS-crl transgene to Ad5Lucl in RD and U II8MG cells (Table I
expression (Fig. 4D). To further clarify Ad5-cyl tropism, Fig. 5A). Thus, we found that the presence of'sialic acid
we performed neuraminidase treatment to remove cell- and/or JAM I co-receptors in cell lines contributed to
surface sialic acid and competitive blocking experiments the Ad5-cnl infection via the usage of the cal chimeric fi-
using an anti-JAM I antibody, and Ad5 knob protein. ber. To further demonstrate the cnl chimeric fiber contri-
For this analysis, we used the low-CAR human ovarian bution to Ad5-crI infection, we selected a pair of cell
cancer Hey cell line due to its high sialic acid and JAM 1 lines, JAM I/CAR-negative CHO cells and its sialic
expression. Transduction by Ad5-al was inhibited 29" acid-negative derivative Lec2 cells (Table I, Fig. 5B).
by neuraminidase, 42" by an anti-JAM I antibody, and In CHO cells, Ad5-cyl provided a 6.8-fold augmentation
5O' by combined treatment with neuraminidase and an in luciferase activity versus Ad5Lucl, while infectivity
anti-JAM I antibody (Fig. 4E). Combined treatment with enhancement of Ad5-cyl on sialic acid-negative Lcc2
neuraminidase, an anti-JAM I antibody, and Ad5 knob cells was negligible, suggesting that Ad5-aTl can exploit
protein reduced transduction 74( compared to controls sialic acid as a co-receptor.
receiving no blocking agent (Fig. 4E), with similar results Many clinically relevant tissues are refractory to Ad
in U I18MG and OV-3 cells (data not shown). Together, infection, including ovarian cancer cells, due to negligi-
these findings confirm that the Ad5-crl vector Utilizes sial- ble CAR levels [21]. To evaluate the Ad5-o-I infectivity
ic acid and the JAM 1-binding domain ofthe nI chimeric of patient tissue, we analyzed AdS-crI transduction of
fiber (FSS I H) for cell transduction, primary human ovarian carcinoma cells. Importantly,

Ad5-nl increased gene transfer to three unpassaged pri-
Adl5-rrl rct.or e.vhihiirs hi'rea.sc( trai.stiucliiou o/ CAR- mary ovarian cancer patient samples from 3.9- to 13.5-
dcficient cc/Is fold versus Ad5LucIl (Fig. 5C).

Herein, we have outlined the construction, rescue,
To demonstrate the contribution of the (71 chimeric purification, and initial tropism characterization of a

fiber to Ad tropism expansion, we evaluated AdS-crl novel vector containing a non-Ad fiber moleculc. Our
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A Ad5LuC I results show that in low-CAR cells. AdS-al provides
* Ad5-,7 expanded tropism and increased gene transfer compared

to wild-type Ad5 via an alternate infection pathway uti-
L929 FES-2 lizing the reovirus co-receptors JAM I and sialic acid.

IThe expanded tropism of this vector represents a crucial
I .E÷04 IOE+05 attribute for Ad-based gene therapy vectors.

.. OE+04
I.OE+02 ri .OE+03t

0E+0)1 .0E+02 Discussion
I) 100 100) I I 100

xp/cell %,p/ccll A major obstacle to be overcome in Ad5-based can-

RD U118 NM cer gene therapy is the paucity of the primary receptor,
I.0E+)06 I .0,+07 CAR, on human primary tumor cells. Variable, but usu-

l.0E+05 1 .0+0(,i• ally low, expression of CAR has been documented in
2-many cancer cell types including glioma, rhabdomyosar-

Lcoma, and ovarian cancer [4,11,20]. Thus, Ad gene ther-
1.OE+03 i.E+04, apy vectors with CAR-independent and/or expanded

I 01-+2 I.OE+03 tropism may prove valuable for maximal transductionl0 100 1000 1)I0 (10 I000
1 p/cell v00 /cI)l of low-CAR tumors at minimal vector doses.

To achieve expanded tropism by utilizing distinct
B] Ad5LucI receptors, we have established a new type of fiber mosaic

SAd5-ol Ad5 vectors, wherein two fibers derived from different

CHO lec2 virus families are incorporated in a single virion. This
I.OE+06 is a novel approach to genetically modify Ad5 vector

l 1 tropism by means of adding the reovirus receptor-bind-
2 I.OE+05 ing spike (cal) protein to the Ad5 capsid. We selected the
.)E (0)4 __ I.iIE+4 spike from reovirus T3D due to its ability to infect
I.0E+03 1.iE+03 11o I i n !umerous tUmnor cell types that express either JANM1

I OF+O2 I.OE+02 -,U or sa lic acid [23,24].
0 100 1000 I 1 100 The main technical feasibility for this newv vector is

vp/cell VP/cCll the structural similarity between Ad fiber and the reovi-
rus a-I protein, which is a trimneric fiber-like molecule

C U Ad5Lucl protruding fromn the 12 vertices of the icosahedral reovi-

* Ad5-Yl rus virion [25]. The crystal structure of the reovirus C71
attachment protein reveals an elongated trimer with

I O t t -OS two domains: a compact head with a 13-barrel fold and
ia fibrous tail containing a triple 13-spiral [25]. 1he l I

,-IE+04t protein contains two receptor-binding domains: one

.01E+03 within the fibrous tail that binds sialic acid [8] and the
other in the globular head that binds to JAM t [9].

In designing a c I chimeric fiber, we considered the Ad5
I.OE+02 - L-

[I pt 2 p tail portion to be indispensable for incorporation of a aTI

pe chimeric liber into the Ad5 penton base. We therefore de-
signed our atI chimeric fiber to contain the Ad5 tail and

F'ig. 5. tnifctivimy prolilcs o" AdS-n I (A.t3) Reprcescnttihc cell lines. reovirus ca I. The entire cal molecule was included since
(A) Mouse fibroblast cell, (L929), overimn cancel cells [E-2), humei it contains receptor-binding domains in both the tail
elionim cells (UI18MG). and human emhryonic rhahdotniosarcoimi and head regions [26]. In addition, we engineered a 6-
cells (RD), and (B) 1 ialic acid-positise CHIO and siatlic ecid-neeative
CHO derivatise Lee2 cells were infected with Ad5LucI (gly bar) and His tag into the C-tcrminus of a ] for protein detection.

Ad5-oTl (black hbr zat I, 0. 10. and 1000 ).p./cell. Lucile'rse activily We were initially concerned that the incorporation of
\Nas measured 24 h post-inleclion and is expressed as relatike light the 6-His motif could alter JAM I recognition, since the
Units (RLU). Each bar represents the meen of three experiments. The C-terminus is proximal to the predicted JAM I-binding
cliro bhis indicate stenderd dcIiation. (C) Unpassiigcd priuner, motif in the D-E loop of the ,-barrel structure [25]. To
oaeretian cetncer cells ptLrified from paeicnt escitcs were inlfcdted with
AdSLucl (gray bar) and Ad15-I1 (black har) at 10 v.p./ccll. Luciferasc our knowledge, however, there are no reports suggesting
ectikity' was ticesutred 24 h post-infection and is expiessed as R Ltu/mg that C-terininal additions are deletlerious to normal (a-l/
protein. Each bhr represents the mein of four experinlcnts. The error JAM I inctraction(s). Indeed, it is unlikely that the 6-His
bars indicate standard deviation. tag interferes significantly with the al1/JAM I interaction
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since the contribution of' JAM I to the tropism of our Our goal was to create a vector with expanded tro-
mosaic virus was sulficient to result in a 42X decrease in pism to achieve maximum infectivity enhancement uti-
luciferase activity in the presence of an anti-JAM I anti- lizing multiple receptors in CAR and non-CAR cell
body (Fig. 5E). Further, we expect that the sialic acid- entry pathways. In this study, the fiber mosaic AdS-crI
binding domain localized to the cyl tail domain would vector provided enhanced infectivity in low-CAR cancer
remain unalfected by the C-terminal tag [8,27]. cell lines resulting from multi-receptor binding proper-

We confirmed the trimerization of the F5SI cal chi- ties derived from different virus falmilies. It is our ulti-
meric fiber and constructed an Ad5 genome encoding mate intent to exploit mosaic adenovirus paradigms in
a tandem fiber cassette, resulting in an Ad5 vector various combinations in order to accomplish additivity
expressing both the Ad5 fiber and a ca[ chimeric fiber. or synergism of infectivity enhancements. On this basis,
We confirmed that the fiber mosaic AdS virions incorpo- the infectivity gains we demonstrate in this study may
rated both fibers by Western blot analysis and by char- contribute to a combinational approach of clinical
acterizing the functional ability of both fibers to utilize relevance.
the appropriate receptor(s) for viral transduction.
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A human adenoviral vector with a chimeric fiber from
canine adenovirus type 1 results in novel expanded
tropism for cancer gene therapy

MA Stoff-Khalili1 '2, AA Rivera', JN Glasgow', LP Le', A Stoff"3 , M Everts', Y Tsuruta', Y Kawakami',
GJ Bauerschmitz2, JM Mathis', L Pereboeva', GP Seigal', P Dali2 and DT Curiel'
'Departments of Medicine, Surgery, Pathology and the Gene Therapy Center, Division of Human Gene Therapy, University of Alabama
at Birmingham, Birmingham, AL, USA; 2Department of Obstetrics and Gynecology, University of Duesseldorf, Medical Center,
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of Cellular Biology and Anatomy, Louisiana State University Health Sciences Center, Shreveport, LA, USA; and 'Department of
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The development of novel therapeutic strategies is impera- ing the canine adenovirus serotype 1 (CA V-1) knob
tive for the treatment of advanced cancers like ovarian (Ad5Lucl-CK1), the tropism of which has not been pre-
cancer and glioma, which are resistant to most traditional viously described. We compared the function of this vector
treatment modalities. In this regard, adenoviral (Ad) cancer with our other chimeric viruses displaying the CA V-2 knob
gene therapy is a promising approach. However, the gene (Ad5Lucl-CK2) and Ad3 knob (Ad5/3Lucl). Our data
delivery efficiency of human serotype 5 recombinant adeno- demonstrate that the CA V-1 knob can alter Ad5 tropism
viruses (Ad5) in cancer gene therapy clinical trials to date through the use of a CAR-independent entry pathway distinct
has been limited, mainly due to the paucity of the primary from that of both Ad5Lucl-CK2 and Ad5/3-Lucl. In fact, the
Ad5 receptor, the coxsackie and adenovirus receptor (CAR), gene transfer efficiency of this novel vector in ovarian cancer
on human cancer cells. To circumvent CAR deficiency, Ad5 cell lines, and more importantly in patient ovarian cancer
vectors have been retargeted by creating chimeric fibers primary tissue slice samples, was superior relative to all
possessing the knob domains of alternate human Ad other vectors applied in this study. Thus, CAV-1 knob
serotypes. Recently, more radical modifications based on xenotype gene transfer represents a viable means to achieve
'xenotype' knob switching with non-human adenovirus have enhanced transduction of low-CAR tumors.
been exploited. Herein, we present the characterization of a Gene Therapy (2005) 12, 1696-1706. doi: 10.1038/
novel vector derived from a recombinant Ad5 vector contain- sj.gt.3302588; published online 21 July 2005

Keywords: canine adenovirus; fiber chimerism; cancer; transductional targeting; gene therapy

Introduction relative resistance to adenoviral transduction as a result
of CAR deficiency."', This observation predicates the

Gene therapy is a novel approach for the treatment of need to develop strategies to alter adenovirus tropism for
malignancies resistant to traditional therapeutic modal- the goal of efficient gene delivery to cancer cells via
ities.'" To achieve therapeutic gene delivery, adenoviral 'CAR-independent' pathways.
vectors (Ad) have been employed owing to their ability A general approach to achieve tropism modification
to achieve superior levels of in vivo gene transfer is based on genetic modification of certain adenoviral
compared to alternative vector systems.2 However, capsid proteins involved in viral binding and target cell
despite promising preclinical results obtained in model entry. Such strategies have largely been directed towards
systems, the major limitation in clinical applications modification of the adenoviral fiber capsid protein,
precluding positive outcomes has been inefficient trans- which recognizes the primary receptor CAR. Methods
duction of target tissues by the routinely used human to incorporate heterologeous-binding proteins have
adenovirus serotype 5 vector (Ad5). This problem is exploited locales at the fiber carboxy- terminus and the
mainly due to the insufficient levels of the primary fiber-knob HI-loop.89 In addition, the approach of fiber-
adenoviral receptor, coxsackie-adenovirus receptor knob serotype chimerism takes advantage of the fact that
(CAR), on target cancer cells."', In particular, it has been a subset of human adenovirus serotypes recognize non-
demonstrated that ovarian and breast cancer cells exhibit CAR primary cellular receptors.)'", These various

Correspondence: Dr DT Curiel, Division of Human Gene Therapy, Gene strategies have been successfully employed to achieve

Therapy Center, University of Alabama at Birmingham, 901, 19th Street a CAR-independent infection capacity for Ad5 vectors.

South, BMR2 502, Birmingham, AL 35294, USA Of note, redirecting the binding of Ad5 to alternate
Received 17 March 2005; accepted 21 June 2005; published online receptors has allowed infectivity enhancement in CAR-
21 July 2005 deficient, Ad5-refractory tumor targets.',12
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Not as rigorously explored, and perhaps more radical, system essentially as described by Krasnykh et al."

is a recently described approach entailing the develop- We generated an El-deleted recombinant Ad genome
ment of Ad 'xenotypes'.'4 In this scheme, the fiber-knob (Ad5Lucl-CK1) incorporating the chimeric Ad5 fiber
of a non-human adenovirus is incorporated into the shaft/CAV-1 knob gene along with a firefly luciferase
capsid of a human Ad5 vector to confer novel tropism. reporter gene controlled by the CMV immediate early
Non-human adenoviruses, including those from avian, promoter/enhancer in the El region. Genomic clones of
bovine, porcine, primate, feline, ovine, and canine Ad5Lucl-CK1 were sequenced, and two correct clones
hosts,""-7 represent an underused resource in vector
design which could offer alternate cellular entry path-
ways for adenovirus vectors. Although some of these
viruses are being developed as gene delivery vectors a Ad5 Shaft 353 aa I
themselves,"6 the substitution of the Ad5 fiber-knob with .TI. Ad5 Knob 182

these various xenotype fiber-knobs provides an efficient
means to analyze their tropism in the context of an Ad5 CAVI Shaft 321 aa A K 7
vector that has been rigourously studied and for which -TLWT-M5 CAVI Knob 179 aa

molecular methods have been well established.2

Previously, we exploited the unique tropism of canine ILWT-
adenovirus serotype 2 (CAV-2)"' to generate an Ad5/
CAV-2 chimeric vector, which exhibited profound in- Ad5 Shaft 353 aa
fectivity enhancement of CAR-deficient human tumor -T-
cell targets.' 4 Another canine adenovirus strain, serotype
I (CAV-1), has also been partially characterized.
Whereas, its cell entry biology has not been described
to the extent that has been accomplished for CAV-2, the AdS Shaft 353 aa
pathological, structural, biophysical, and serological -- TLWT- CAVI Knob 179aa
dissimilarities of CAVI'-24 in comparison to CAV-2
suggest that a distinct underlying tropism may be Ad5Luci
operational. In light of these considerations, we explored bM NT -CKI CAVI Ad5LucI

the potential utilization of an adenoviral xenotype

possessing the fiber-knob of CAV-A.

600 bp -Results
500 bp -

Generation of an Ad5 vector containing a chimeric fiber

with the CA V-1 knob domain
Applying structural knowledge of the human Ad5 fiber
protein2" in the context of the CAV-A fiber indicates that
the CAV-A fiber consists of an N-terminal tail of about 42 I 2 3 4 5 6 7
amino acids (aa), a shaft of 321 aa, and a remaining
C-terminus of 179 aa forming the knob (Figure la).26  + + - + - +
A conserved threonine-leucine-tryptophan-threonine CAVI Primer
(TLWT) motif at the N-terminus of the fiber-knob
domain is present in most mammalian Ads including
CAV-1. A chimeric fiber was constructed by substitution Ad5 Primer + + +
of the Ad5 fiber-knob with the coding region of the
CAV-1 knob domain while preserving the TLWT motif
common to both Ad5 and CAV-A fibers. This procedure C
was performed by using a two-plasmid rescue

(kD)

Figure I Design and molecular validation of an Ad5 vector containing the 182.9 -T

CAV-A fiber-knob domain. (a) Construction of the chimeric fiber of
Ad5Lucl-CK1 by incorporating the CAV-A knob into the Ad5 fiber-shaft
protein. The T-L-W-T peptide sequence joining the shaft and knob regions
of both fibers is shown in bold. (b) PCR analysis of the fiber genes using Ad 80.9
genomte templates from purified viral particles. CAV-A virus was used as a
positive control. Lanes containing DNA size standards (M) and no PCR
template (NT) are designated. Primers used are specific for the CAV-1 or
Ad5 fiber gene knob domain. (c) Western blot analysis of fiber protein 63.8 -M

trinerization. Purified virions (5 x 10' vp) of AdLucl-CKI with the 49.5
chimeric fiber (lanes I and 2) and Ad5Luc1 with wild-type Ad5 fiber (lanes
3 and 4) Were resuspended in Laenunli buffer before SDS-PAGE and
Western analysis with anr antitail fiber mAb. The samples in lanes I and 3
were heated to 95°C before electrophoresis. Fiber monomers (M) and
trimers (T) are indicated. The markers represent molecular mass in I 2 3 4
kitodaltons. Ad5Luc I -CK I AdSLuc I
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were chosen. Following transfection into HEK 293 cells, competitively block Ad5Lucl-CKI gene transfer with
cytopathic effect was observed between 8 and 9 days increasing concentrations (Figure 3b). Conversely, the
post-transfection. Large-scale preparations of Ad5Lucl- CAV-1 knob protein can totally inhibit Ad5Lucl-CK2
CK1 and the Ad5Lucl control vector were produced and gene transfer in all tested cell lines (Figure 3c) in the
purified by double cesium chloride gradient centrifuga- same manner that the CAV-2 knob can mediate inhibition
tion. Of note, we applied isogenic vectors in this study of Ad5Lucl-CK2 gene transfer (Figure 3d). These
based on the Ad5 genome, displaying either the Ad5 findings are consistent with the results of the cell-binding
knob (Ad5Lucl), CAVI knob (Ad5Lucl-CKI), or the assay (Figure 2) and suggest the possibility of a common
CAV2 knob (previously named Ad5Lucl-CK but desig- receptor between the CAV-1 and CAV-2 knobs although
nated here as Ad5Lucl-CK2 for ease of distinction)."4  the Ad5Lucl-CKI displayed a binding property distinct
Using a common scheme would standardize vector- from the Ad5Lucl-CK2.
related properties including the reporter gene expression Since CAV-2 has been shown to bind to CAR,' 4

,
27 we

cassette and capsid structure while allowing analysis of investigated whether CAR may be a common receptor
gene transfer function as a result of modifying the knob. for the CAV-1 and CAV-2 knobs. For this reason, we

The fiber-knob genes of Ad5Lucl and Ad5Lucl-CKl performed a blocking experiment of Ad5Lucl -mediated
were confirmed by PCR using designed primer pairs to gene transfer in U118-hCAR-tailless cells (a CAR-positive
specifically amplify the respective knob domains from U118 cell line variant that heterelogously expresses the
purified viral genome templates (Figure lb). Trimeriza- extracellular domain of human CAR2") with CAV-1 and
tion of the chimeric fiber from viral particles was CAV-2 fiber-knob proteins. Ad5 fiber-knob protein was
analyzed by SDS-PAGE followed by Western blot used as a control. Ad5Lucl transduction in U118-hCAR-
analysis. The monoclonal 4D2 primary antibody which tailless cells was strongly blocked by all three CAV-1
recognizes the Ad5 fiber tail domain common to both (95%), CAV-2 (98%), and Ad5 fiber-knob proteins (98%)
wild type AdS and chimeric fiber molecules was used. (data not shown), confirming that all three knobs can
Bands of approximately 200 kDa molecular weight interact with the CAR receptor.
corresponding to the nondenatured trimeric fiber mole-
cule for both Ad5Lucl-CKI and control virions were
observed. On the other hand, bands from boiled samples Infectivity enhancement of CA V-1 knob xenotype Ad
of the same viruses resolved at an apparent molecular in CAR-deficient cells
mass of approximately 70 kDa, indicative of the fiber Our central goal was to investigate whether the CAVI
monomer form (Figure lc). Thus, both the correct 'xeno-knob' paradigm would mediate increased trans-
sequence integrity and trimerization of Ad5Lucl-CKI duction in CAR-deficient target cancer cells. To evaluate
were confirmed. the CAR-independent receptor-binding properties of our

novel Ad5Lucl-CK1 vector in comparison with Adb-
Lucl, CAR-deficient U118MG glioma cell line and its

Distinct binding and gene transfer properties CAR-positive variant U118-hCAR-tailless, which artifi-
of Ad5Luc1-CK! and Ad5Lucl-CK2 cially expresses the extracellular domain of human CAR,
The rationale for developing our novel Ad5Lucl-CKI were used in a cell-binding assay as described above. In
vector was founded on the hypothesis that the CAV-1 CAR-deficient cells Ul18MG, only a modest level of cell
knob tropism is distinct from the CAV-2 knob tropism surface-associated Ad5Lucl (38%) was detected (Figure
based on differences in the pathobiologies of the viruses 4a). In contrast, 81% of the CAR-positive variant line
during infection in their native canine hosts. To validate U118-hCAR-tailless cells were positive for Ad5Lucl
this concept, we first evaluated the receptor-binding binding (Figure 4b). Importantly, our novel vector
properties of Ad5Lucl-CK1 (Figure 2a and b) and Ad5Lucl-CK1 exhibited a remarkable 95% cell surface
Ad5Lucl-CK2 (Figure 2c and d) on A549 human lung binding in U118 MG (glioma) cells (Figure 4a) and cell
cancer cells in a recombinant knob competitive inhibition interaction comparable to that of Ad5Lucl in U118-
assay employing FACS-based detection of surface-bound hCAR-tailless cells (Figure 4b).
virions. As a control, Ad5LucI cell binding was also Successful initial attachment on the cell surface via
analyzed with AdS knob protein blocking (Figure 2e). fiber-knob interaction does not necessarily result in
Interestingly, the data obtained in this competitive increased gene transfer. To validate effective gene
inhibition experiment show that the CAV-2 fiber-knob delivery conferred by the binding properties of the
protein cannot effectively block the Ad5Lucl-CK1 cell CAV-1 knob, we evaluated Ad5Lucl-CKI-mediated gene
binding (Figure 2b) whereas the CAV-1 fiber-knob transfer in the UlI8MG and U118-hCAR-tailless cell lines
protein can inhibit Ad5LucI-CK2 cell binding (Figure (Figure 5). Ad5Lucl (containing the wild-type Ad5 fiber),
2d) to the same extent that each recombinant knob can Ad5Lucl-CK2, and Ad5/3Lucl, (containing the Ad5
prevent cell interaction of its respective vector, fiber shaft and the Ad3 knob) were used as controls.

To further confirm the distinction between Ad5Lucl- Ad5LucI exhibited clear CAR-dependent tropism as
CKI and Ad5Lucl-CK2-mediated tropism as indicated demonstrated by a 100-fold increase in transgene
by the cell-binding assay, we sought to block Ad5Lucl- expression in U118-hCAR-tailless cells versus the CAR-
CK1 and Ad5LucI-CK2-mediated gene transfer in DK deficient U118 MG cell line. Conversely, Ad5Lucl-CK1
dog kidney and SKOV3.ipl ovarian cancer cells with the gene delivery in U118 MG cells was about 100-fold
recombinant knob proteins. The data obtained in this higher than that of Ad5LucI while infection of the
competitive inhibition gene transfer experiment show CAR-positive variant cell line yielded a comparable level
that the CAV-2 knob protein can partially block Adb- of luciferase activity. Although the Ad5 fiber-knob
Lucl-CKI gene transfer in only SKOV3.ipl cells but not competitively inhibited Ad5Lucl-mediated gene transfer
completely (Figure 3a). However, the CAV-1 knob can in U118-hCAR-tailless (over 85% at 10 lig/m[), it had no
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Figure 2 Distinct binding of Ad5Lucl-CKI and Ad5Lucl-CK2. Flowv cytometry-binding assay of Ad5Lucl-CKI and Ad5Lucl-CK2 on A549 cells in the
presence of purified CAVAI fiber-knob protein and CAV-2 fiber-knob protein (50 pg/mI) (a-d). (a) Ad5Lucl -CKl±CA V-I knob, (b) Ad5Lucl-CKI+CAV-2
knob, (c Ad5LucI-CK2+CAV-2 knob, (d) AdSLucl-CK2+CAV-1 knob, (e) Ad5Luc]+Ad5 knob fiber protein. The histograms shown represent unstained
cells (gray fill), cells preincubated with PBS and infected with virus (solid line), and cells preincubated wvith recombinant knob protein and incubated with
virus (dashed line), The percent blocking of virus binding represents histogram gating to determine the number of stained cells preincubated in the absence
of recombinant knob protein minus the number of stained cells preincubated in the presence of recombinant knob protein.

appreciable effect on Ad5/3Luc1, Ad5Luc1-CKI, and mediated by Ad5/3Lucl decreased with increasing
Ad5Lucl-CK2 transduction (Figure 5). Thus, these data concentrations of the Ad3 knob protein. In contrast, the
suggest that CAVI knob-mediated gene delivery is CAR purified Ad3 knob exhibited no influence on transdluc-
ind ependen t. tion with Ad5Lucl-CKI (Figure 6a). Thus, these data

show that Ad5Lucl-CKI also displays an Ad3 receptor-

Ad3 receptor independence of CA V1 knob xenotype Ad independent tropism.
To further examine the distinct tropism of the CAVI knob
xenotype vector, interaction of the virus with the Ad3 Enhanced gene transfer of A d5L uc1- CK 1 in cancer
receptor was indirectly studied with an Ad3 knob- cell lines and primary ovarian cancer ce/Is
blocking experiment. In this case, the SKOV3.ip] human Finally, we evaluated Ad5Luc1-CK1 transduction in a
ovarian cancer cell line was used because it abundantly variety of cancer cells, which are known to be deficient
expresses the Ad3 receptor."9 Transgene expression in CAR. In all cases, the Ad5Lucl.-CK1 vector achieved
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Figure 3 Transduction efficiency of Ad5Lucl-CK1. Luciferase activities following infection of SKOV3.ipl and DK cells with Ad5Lucl-CK1 (upper panels)
and Ad5Lucl-CK2 (lower panels) in the presence of purified CAV-A fiber-knob protein (b and c) and CAV-2 fiber-knob protein (a and d). Luciferase activity
was determined 48 h postinfection and is presented as relative light units (RLU). Each column represents the average of six replicates using 100 vp/cell of
each vector and the error bars indicate the s.d.

enhanced transduction above the Ad5 vector, ranging liver slices maintain the tissue architecture and contain
from 11- and 32-fold in SKOV3.ip3 and HEY (ovarian the variety of cells normally found in liver.31 As shown in
cancer cell lines) to 65- and 100-fold in RD (rhabdomyo- Figure 7 the luciferase activity in human liver tissue
sarcoma cell line) and UII8MG (glioma cell line) (Figure slices infected with Ad5Lucl-CK1 was significantly less
6b). This gene delivery level was also greatly improved than luciferase activity in human liver tissue slices
relative to that of Ad5Lucl-CK2, further indicating the infected with Ad5Lucl (P<0.01).
distinction between the tropism of the CAV-1 versus the
CAV-2 knob. More importantly the excellent perfor-
mance of Ad5Luca-CKI was also observed in primary Discussion
ovarian cancer tissue samples, in which CAR levels are
highly variable and often very low. 2

1 We utilized For many target cancer cells it has been noted that low
precision cut tissue slices of patient tumor samples, levels of the primary adenoviral receptor CAR may
which represent a highly stringent ex vivo model system present a limiting factor that compromises the utility of
with three-dimensional characteristics for preclinical Ad5 as a cancer gene therapy vector. To achieve the
screening of adenoviral agents. Ad5Lucl-CKI demon- levels of efficiency required in the context of cancer gene
strated increased gene transfer capability in ovarian therapy, it may be necessary to route conventional Ad via
cancer tissue slices (four patients) from 6.2- to 11.4-fold CAR-independent pathways. Therefore, achieving CAR-
higher than Ad5Lucl (Figure 6c). Notably, the transduc- independent and expanded tropism is one of the central
tion capacity of Ad5LucI-CK1 was superior overall tasks in Ad5 vector development for cancer gene therapy.
compared to our Ad5/3Lucl and Ad5Lucl-CK2, two To this end, we endeavored such vector design by
chimeric vectors, which themselves have already shown genetic capsid engineering to replace the Ad5 fiber-knob
remarkable infectivity enhancements in the same disease with the corresponding structure from a nonhuman
context previously."' 3 " Of note, the Ad5Lucl-CK1 and 'xenotype' Ad, CAV-1. Interest has recently extended to
Ad5Lucl-CK2-mediated gene transfer in fibroblasts and animal adenoviruses due to the desire to expand the
keratinocytes was poor. choice of novel gene delivery vectors and thus provide

more options for therapeutic strategies and design. In
this regard, there are two canine isolates, serotypes 1 and

Evaluation of Ad5Lucl-CK1 transduction in human 2, which may offer novel adenovirus infection path-
liver tissue slices ways.3 2 CAV-2 is one of the few non-human adeno-
To evaluate liver transduction of Ad5Lucl-CK1 in the viruses that have been investigated as a gene transfer
most relevant context, the human liver, we infected vector for human applications. Particularly, a replication-
precision-cut human liver tissue slices of three donors deficient CAV-2 vector has been constructed"4 ,"' 33 and
with Ad5Lucl or Ad5LucI-CK1. These precision-cut displayed a distinct tropism not exhibited by human
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Figure 4 Ad5Lucl-CK1 CAR-independent cell binding. Flow cytometry- 1 knob to inhibit Ad5Lucl-CK2 function. CAV-2 has been
binding assay of Ad5Lucl, Ad5Lucl-CK1 on CAR-deficient UI18MG
(glioma) cells (a) and the CAR-positive variant, U118-hCAR-tailless cells shown to bind directly to soluble recombinant human
(b). Gray line=cells alone, solid line=cells+Ad5Lucl-CKl, dashed CAR and can utilize human or murine CAR for cell entry
line = cells+Ad5Lucl. in vitro.2 7 This finding, combined with our observation

that both CAV-1 and CAV-2 knobs can competitively
decrease Ad5-mediated gene transfer, suggest that this

Ad5.'` The tropism of CAV-2 fiber-knob has also been common receptor may likely be CAR.
applied in the context of a chimeric Ad5 vector, which Despite the result that both CAV-2 knob-mediated cell
provided significant infectivity enhancement over an binding and gene delivery was competitively inhibited
unmodified Ad5 virus."4 CAV-A, however, has not been by the CAV-A knob, the reverse phenomenon of CAV-2
investigated for gene therapy purposes and represents a knob blocking CAV-1 knob-mediated gene delivery
potential basis for achieving novel adenoviral tropism. In could not be demonstrated. This observation may be
this regard, the data presented in this study represent the due to a stronger interaction of the CAV-1 knob to the
first attempt to explore the tropism of the CAV-1 knob. common receptor relative to the CAV-2 knob. However,

The rationale of our study to generate a modified Ad5 the data may also be interpreted to support the idea that
vector containing the CAV-1 fiber-knob domain was the CAV-1 knob may possess the ability to bind to a
established on the hypothesis that CAV-1 knob-mediated second receptor that is distinct from CAR. Interestingly,
tropism is distinct from that of the CAV-2 knob. The the implication that CAV-2 binds to a second receptor has
reasons for this speculation include low DNA sequence been previously proposed based on gene delivery results
homology34"35 and the reported differences in disease both in the context of a CAV-2 vector27 as well as an Ad5
manifestations between CAV-1 and CAV-2.19,3,,3 7 In chimeric vector.'4 If both CAV-A and CAV-2 knobs have
addition to structural, biophysical, and serological the ability to interact with secondary receptors in
dissimilarities, the two viruses differ greatly in their addition to CAR, then the secondary receptors for these
biological properties. CAV-1 is known to cause allergic two knobs may in fact be distinct based on our
uveitis, called the 'blue eye syndrome' and rarely competitive inhibition results. Certainly, further studies
hepatitis,;2 whereas CAV-2 is known to preferentially would have to be conducted to validate these hypoth-
infect the upper respiratory tract in young dogs, eses. In addition, the interplay between these chimeric
resulting in a mild disease called kennel cough. Neither vectors and other confirmed and putative adenovirus
the CAV-1 nor the CAV-2 receptor(s) have been rigor- receptors, such as integrins and heparin sulfate, should
ously identified. Indeed, our blocking experiments also be investigated.
employing recombinant fiber-knob proteins revealed Our major goal was to evaluate whether the CAV-I
that the CAV-A and CAV-2 fiber-knobs may share a 'xeno-knob' paradigm would mediate expanded CAR-
common receptor as evidenced by the ability of the CAV- independent tropism in CAR-negative target cancer cells.
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Figure 7 Ad5Lucl-CK1 displays significant lower infectivity in human
1O liver tissue slices compared to Ad5Lucl. Human liver tissue slices from

U 100 liver samples of six donors were infected with Ad5Lucl or Ad5Lucl-CK1
90 at 500 vp/cell and luciferase activity was measured after 24 h. Luciferase
80 activity was normalized for total protein. Each point represents the mean of

Z 70i three experiments performed in triplicates (three liver tissue slices per
60 donor). Error bars represent s.d. from the mean. *P <0.05 versus AdS.
50
40

30
9. 20 chimeras to achieve greatly improved gene delivery."

"10 Our data revealed the inability of the Ad3 fiber-knob
S0 protein to block Ad5luc-CKI gene transfer, suggesting

p , o q9 , , '> 'x that this CAV-1 knob chimera, in addition to being CAR
0 "independent and distinct from the CAV-2 chimera, does

not enter cells via the Ad3 receptor, putatively identified
C -Paticnt I [3lPatient 2 iPatient 3 n*Palient 4 to be CD80, CD863" and CD46.3

Variable expression of CAR has been documented in14 many cancer types, such as glioma, melanoma, breast
1~I2 cancer, prostate cancer, and rhabdomyosarcoma.1 

.3.44

0o It is known that for entry, viruses often exploit cellular

8 receptors important in conserved pathways. Interest-
ingly, previous studies suggest that CAR may act as a

Stumor suppressor, which could be linked to its frequentT 4 ldownregulation seen in highly tumorigenic cells.' Over-
2 coming this deficiency, both Ad5Lucl-CK1 and Ad5-

0 0 . Lucl-CK2"4 show the ability to bind to and transduce
Ad.5/3Lucl Ad5Luc-CK2 AdSLuc-CKI CAR-deficient human glioma cells. Importantly, the

Figure 6 Enhanced gene transfer by Ad5Lucl-CKI in cancer cells, transduction by Ad5Lucl-CKI was augmented by 100-

Luciferase activities following infection of ovarian cancer cell line fold versus Ad5Luc1 and 75-fold versus Ad5Lucl-CK2 in
SKOV3.ipl (a), a panel of cancer cell lines (b), and primar, ovarian glioma cells and superior to Ad5Lucl and Ad5Luc1-CK2
tissue slices (four patients) (c) with the various vectors. Concentration of in human ovarian cancer, osteosarcoma, and rhabdo-
recombinant Ad3 fiber-knob protein used to block infection (a) is indicated myosarcoma cell lines. The significant difference of
in pg/nml. Luciferase activity was determined 48 h postinfection and is transduction in the various cancer cell lines between
reported in relative units (RLU). Each column represents the average ofsix Ad5Lucl-CKI and Ad5Lucl-CK2 also strongly supports
replicates using 100 vp/cell of the respective vector and the error bars
indicate the s.d. (b) and (c) represent the fold enhancement of luciferase our finding that the CAV-1 knob has a distinct tropism
activity in cells infected with various vectors compared to Ad5Lucl. from the CAV-2 knob.
*P<0.05 versus AdS. Brackets represent *P<0.05 Ad5Lucl-CK1 versus Both Ad5/3Luc129'3 ° and Ad5Lucl-CK2"4 (Ad3 recep-
Ad5Lucl-CK2 (b). tor independent) have been reported to exhibit increased

infectivity enhancement in ovarian cancer cell lines and
primary ovarian cancer cells.2'i"' We endeavored to

Even though our data show that the CAV-1 knob may compare the infectivity enhancement of our seemingly
interact with CAR, we were able to achieve enhanced CAR, Ad3 receptor, and CAV2 receptor-independent
gene transfer with Ad5Lucl-CKI in a CAR-independent novel chimeric vector with Ad5/3Lucl and Ad5Lucl-
manner. Interestingly, with respect to the CAV-2 knob, CK2 in ovarian cancer targets. There is mounting
this same phenomenon was also observed. 4 Previous evidence that primary ovarian cancer express highly
studies have utilized other chimeric strategies to attain variable and often low amounts of CAR. 2 Thus, for
infectivity enhancement, including the use of the Ad3 preclinical evaluation of therapeutic agents, it is crucial
knob in the context of an AdS vector. The Ad3 receptor to analyze cancer cell substrates that most closely and
appears to be expressed at higher levels than CAR on stringently resemble the patient setting. Gene transfer
ovarian cancer cells, therefore allowing 5/3 serotype experiments were performed using primary ovarian
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cancer tissue slices obtained by precision cut slice Human primary ovarian cancer tissue samples
technology, an in vitro model representing the architec- Approval was obtained from the Institutional Review
tural features of in vivo tissue.4" In primary ovarian Board prior to initiation of studies on human tissues.
cancer tissue slices, the infectivity enhancement by Human ovarian primary tumors were obtained from
Ad5Lucl-CK1 was greater than that of Ad5/3Lucl and epithelial ovarian carcinoma patients who have under-
Ad5Luc1-CK2. Of note, the gene transfer by Ad5Lucl- gone debulking as primary therapy and have not had
CK2 versus Ad5Lucl was only moderate in the primary prior chemotherapy (Department of Surgery, University
ovarian cancer tissue slices, further supporting the of Alabama at Birmingham (UAB)). Omental samples
distinction between the CAV-1 and CAV-2 knobs. The with extensive tumor infiltration were used to obtain
levels of transduction we were able to achieve with samples since these specimens were the most easily
Ad5Lucl-CKI in the primary ovarian cancer samples are obtained and had large tumor volumes from which
one of the highest we have observed in our experience adequate slices could be acquired (Krumdieck Tissue
with genetically modified adenoviruses. Slicer). Time from harvest to slicing was kept to a

Finally, we wished to evaluate the hepatotropism of minimum (< 2 h).
Ad5Lucl-CKI, since CAV-1 has been reported to rarely
cause hepatitis in dogs." 2 Importantly, our data showed Human primary liver tissue samples
that liver transduction of Ad5LucI-CKI was significantly Human liver samples were obtained (Department of
lower compared to Ad5Lucl. Surgery, UAB) from six seronegative donor livers that

Herein, we have constructed a novel Ad5 chimeric were to be transplanted into waiting recipients. Ap-
xenotype CAV-1 knob vector, which exhibited expanded proval was obtained from the Institutional Review Board
tropism and displayed superior transduction efficiency prior to initiation of studies on human tissue. All liver
in a panel of cancer cells. Importantly, primary tumor samples were flushed with University of Wisconsin
tissue slices were also more efficiently transduced with (UW) solution (ViaSpan, Barr Laboratories, Inc. Pomona,
this CAV-I knob chimeric vector compared to other NY, USA) prior to harvesting and kept on ice in UW
vectors. The enhanced infectivity appears to be both solution until slicing. Time from harvest to slicing was
CAR and Ad3 receptor independent and was also soluti uinimem hv t sc w
distinct from the transduction pathway of the CAV-2 kept at an absolute minimum (<2 h).
knob. These results highlight the potential of applying
the CAV-1 xeno knob for effective adenovirus cancer Krumdieck tissue slicer
gene therapy. The Krumdieck tissue slicing system (Alabama Research

& Development44 ) was used in accordance with the
manufacturer's instructions and previously published

Materials and methods techniques.4" A coring device was used to create an
8 mm diameter core of ovarian cancer samples and

Cell culture human liver samples. This material was then placed in
Human embryonic kidney 293 cells, human embryonic the slicer filled with ice-cold culture medium. Slice
rhabdomyosarcoma RD cells, CAR-negative human thickness was set at 250 pm using a tissue slice thickness
glioma U118 MG cells, human osteosarcoma MG63 cells, gauge, and slices were cut using the reciprocating blade
human ovarian cancer OV3 cells, human lung adeno- at 30 revolutions per minute (r.p.m.). Afterwards, the
carcinoma A549 cells, prostate cancer PC-3 cells, breast slices were stored in ice-cold culture media prior to
cancer MB-435 cells, Chinese hamster ovary (CHO) culturing. The tissue slices were placed in six-well plates
and teratocarcinoma PA-I cells were obtained from (one slice/well) containing 2 ml of complete media
the American Type Culture Collection (ATCC, Manassas, (RPMI with 1% antibiotics, 1% L-glutamine, and 10%
VA, USA). Human ovarian adenocarcinoma cell lines, FCS for ovarian cancer tissue slices and William's
Hey and SKOV3.ipl, were kind gifts from Drs Judy Wolf medium E with 1% antibiotics, 1% L-glutamine, and
and Janet Price (M.D. Anderson Cancer Center, Houston, 10% FBS for liver tissue slices). The plates were then
TX, USA), and Dr Timothy J Eberlein (Harvard Medical incubated at 37°C/5% CO2 in a humified environment
School, Boston, MA, USA), respectively. Primary fibro- under normal oxygen concentrations for 2 h. A plate
blasts and primary keratinocytes were obtained from Dr rocker set at 60 r.p.m. was used to agitate the slices and to
NS Banerjee, Department of Biochemistry and Molecular ensure adequate oxygenation and viability.4 5' 46

Genetics, University of Alabama at Birmingham, Birnig-
ham, AL, USA). All cells were maintained according Flow cytometry virus-binding assay
to the suppliers' protocols. Ul18MG-hCAR-tailless Cells grown in T75 flasks were dislodged with EDTA
cells, which express a truncated form of human CAR (0.5 mmol) and resuspended in phosphate buffer solu-
(comprising the extracellular domain, transmembrane, tion (PBS) containing 1% bovine serum albumin (BSA).
and the first two aa from the cytoplasmic domain) have The cells (5 x 101 cells/ml) were incubated with 100 viral
been described previously.2R These cells were propagated particles of the respective vector, or buffer alone, for I h
in a 50:50 mixture of Dulbecco's modified Eagle's at 4VC in 250 Vl of PBS-BSA. After three washes with 4 ml
medium and Ham's F-12 medium (DMEM/F-12) of cold PBS-BSA, the cells were incubated with a 1:500
supplemented with 10% (v/v) fetal calf serum (FCS, dilution of polyclonal rabbit anti-Ad5 hexon antiserum
Gibco-BRL, Grand Island, NY, USA), L-glutamine 2 mM, (Cocalico Biologicals, Reamstown, PA, USA) at 4°C in
penicillin (100 U/ml), and streptomycin (100 0tg/ml). 250 VA of PBS-BSA. The cells were washed again three
Stably transfected Ull8MG-hCAR-tailless cells were times in 4 ml of cold PBS-BSA and incubated with 250 ,d
maintained in 400 jig/ml G418. Media and supplements of a 1:150 dilution of FITC-labeled goat anti-rabbit IgG
were purchased from Mediatech (Herndon, VA, USA). secondary antibody (Jackson Immunoresearch Labs,
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West Grove, PA, USA) for 1 h in PBS-BSA at 4°C. The previously named as Ad5Lucl-CK,' 4 is a replication-
cells were analyzed at the UAB FACS Core Facility using defective El-deleted Ad5-based vector containing the
a FACScan flow cytometer (Beckton Dickenson, San Jose, CAV-2 knob domain in a chimeric Ad5 fiber molecule.
CA, USA). All vectors were propagated in 293 cells and purified by

For the recombinant knob competitive inhibition double cesium chloride (CsC1) ultracentrifugation and
binding assay, A549 cells (5 x 101 cells/ml in 100 ld) were dialyzed against phoshate-buffered saline with Mg 2,, Ca
incubated with 100 VIl PBS-BSA alone or buffer contain- 2+, and 10% glycerol. Final virus aliquots were analyzed
ing 50 p.g/ml recombinant fiber-knob at 4°C for 30 min for viral particle (vp) titer (absorbance at 260 nm) using a
prior to addition of the viruses, and then antibody conversion factor of I OD = 1012 vp/ml. All vectors used
staining was performed as described above. To deter- in this study are essentially isogenic except for the fiber-
mine the percent blocking of virus binding by the knob modifications. Using a common vector structure
addition of recombinant fiber-knob, histograms repre- would standardize all conditions including the reporter
senting the staining intensity of cells preincubated in the expression cassette while allowing analysis of gene
absence or presence of recombinant knob protein were transfer efficiency as a consequence of varying the knob.
analyzed. First, the number of cells in the histogram peak
representing cells preincubated in the absence of PCR validation of viral genome
recombinant knob protein was determined by gating Viral DNA was extracted from I x 10' vp of Ad5LucI,
the staining to include 99% of the events detected. Then, Ad5Lucl-CK1, and wild-type CAV-132 (Blood Mini Kit,
the percent change in staining intensity was determined Qiagen) and used as templates for PCR checking. To
by subtracting the number of gated cells in the histogram detect the presence of the Ads and CAo-P fiber-knob
peak representing cells blocked in virus binding by detech presenof e as amplified -knobpreincubated in the presence of recombinant knob genes, each viral genome was amplified in a PCR
protein, reaction mixture (Qiagen) containing 50 nM of primer

pairs for 30 cycles of denaturation (94°C, I min),

Plasmid construction annealing (54°C, 1 min), and extension (72'C, 1 min).

The CAV-1 fiber-knob (537 bp) domain was amplified The sequences of the various fiber-knob primer sets are
as follows: AdS (forward) 5'-AGTGCTCATCTTATTATA

from viral DNA isolated from wild-type CAV-1 virus, AGA-3', Ad5 (reverse) 5'-CACCACCGCCCTATCCTG

a kind present from MD Morrison.32 The following AT-3'; Ad- (rward) S-TATGACTGGCCTATC
primers were applied: (forward) 5'-TATGGACTGGAC AT-CT; CAV-1 (forward) 5'-TATGGAC ATGGACTATC

CTGATCCAAACG 3'CAAACGTT-and (reverse) 5'-TIATCATGA CC

ATGATCCCCCACATAGGTGAAGG-3' (the stop codon CCCACATAGGTGAAGG-3'. PCR products were detec-

TGA and the poly-adenylation signal TAAA are under- ted by 1% agarose gel electrophoresis with ethidium

lined). The plasmid pSHAFT is a cloning vector, which bromide staining.

contains the Ad5 fiber gene with the knob region deleted
and replaced by a small linker containing Sinai and Recombinant fiber-knob proteins
EcoICRI restriction sites." The plasmid was linearized The Ad3, Ad5, and CAV-2 recombinant fiber proteins
by the enzymes Sinai and EcoICRI digestion giving were produced and purified as described previously....' 4

two blunt ends. After gel purification, the PCR product The recombinant knob domain of CAV-1 contains an
containing the CAV-1 knob was ligated into the linear- N-terminus 6-histidine tag and was constructed in the
ized pSHAFT resulting in pSHAFT-CKI. This plasmid pQE-81L expression plasmid (Qiagen, Hilden, Germany).
contains the chimeric fiber gene encoding the complete The CAV-1 fiber-knob domain was amplified by PCR
Ad5 fiber shaft with the CAV-A knob domain followed by using the following primers: (forward) 5'-CAAACACGG
a stop codon and polyadenylation sequence at the 3' end. ATCCCCTCAAAACAAAA-3' and (reverse) 5'-ITTAT
The chimeric fiber gene in pSHAFT was digested with CATTGATFIFTCCCCCACATAGGTGAAGG-3'. The for-
NcoI and MunI to liberate a 0.75 kb DNA fragment ward primer contains a two-basepair mutation (bold) to
containing the carboxy terminus of the shaft and create a 5'- end BamHI restriction site (underlined). The
the CAV-A knob domain and then ligated into the PCR product containing the canine 1 fiber-knob region
Ncol-Munl-digested shuttle vector PNEB.PK3.6" result- was digested with BamHl, gel purified, and ligated into
ing in pNEB.PK.3.6-CKI. BamHI-SmaI-digested pQE-81L. The resulting plasmid

pQE-81L-CAV-1 was analyzed by restriction analysis and
Generation of recombinant adenovirus sequenced. Expression plasmids were introduced into
Recombinant adenovirus genomes containing the chi- E. coli, and the 6-His-containing fiber-knob proteins
meric CAV-A fiber-knob gene were generated by homo- from bacterial cultures were purified under native condi-
logous recombination in BJ5183 Escherichia coli with Swal- tions in nickel-nitrilotriacetic acid (Ni-NTA) agarose
linearized rescue plasmid PVK700 and the fiber contain- columns (Qiagen). Concentrations of the final purified
ing Pacl-Kpni-fragment of pNEB.PK.3.6-CK1. PVK700 knob protein were determined by the Lowry method
was derived from pTG3602,47 but contains an almost (Bio-Rad). The trimerization ability of the recombinant
compete deletion of the fiber gene and a firefly luciferase CAV-1 fiber-knob was confirmed by Western blot
reporter gene driven by the cytomegalovirus (CMV) analysis of boiled and unboiled purified knob proteins
immediate early promoter in place of the El region. using a mouse monoclonal Penta-His antibody (Qiagen)
Genomic clones were subjected to sequencing and PCR and a horseradish peroxidase-conjugated anti-mouse
analysis prior to transfection into 293 cells. AdSLucl is a immunoglobulin antibody at a 1:3000 dilution (Dako
replication-defective El-deleted unmodified control Corporation, CA, USA), followed by incubation with
Ad5 vector containing a firefly luciferase reporter gene 3-3'-diaminobenzene peroxidase substrate (DAB; Sigma
also driven by the CMV promoter." Ad5Luc1-CK2, Company, USA).
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ABSTRACT

Many clinically important tissues are refractory to adenovirus (Ad) infection due to negligible levels of the

primary Ad5 receptor, the coxsackie and adenovirus receptor, CAR. Thus. development of novel CAR-

independent Ad vectors should lead to therapeutic gain. Ovine atadenovirus type 7, the prototype member of

genus Aladenovirus, efficiently transduces CAR-deficient human cells in vilro and systemic administration

of OAdV is not associated with liver sequestration in mice. The penton base of OAdV7 does not contain an

RGD motif. implicating the long-shafted fiber molecule as the sole structural dictate of OAdV tropism. We

hypothesized that replacement of the Ad5 fiber with the OAdV7 fiber would result in an Ad5 vector with

CAR-independent tropism in vilro and liver "detargeting" in vivo. An Ad5 vector displaying the OAdV7

fiber was constructed (Ad5Lucl-OvF) and displayed CAR-independent, enhanced transduction of CAR-

deficient human cells. When administered systemically to C57BL/6 mice, Ad5Lucl-OvF reporter gene

expression was reduced by 80% in the liver compared to Ad5 and exhibited 50-fold higher gene expression

in the kidney than the control vector. To our knowledge, this is the first report of a fiber-pseudotyped Ad

vector that simultaneously displays decreased liver uptake and a distinct organ tropism in vivo. This vector

may have future utility in murine models of renal disease.

Key Words: gene therapy, adenovirus. targeting, tropism modification, coxsackie and adenovirus receptor

(CAR), liver tropism, kidney tropism
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INTRODUCTION

Vectors based on human adenovirus (Ad) serotypes 2 and 5 of species continue to show increasing

promise as gene therapy delivery vehicles, especially for cancer gene therapy, due to several key attributes:

Ad vectors display in vivo stability and excellent gene transfer efficiency to numerous dividing and non-

dividing cell targets. In addition, Ad vectors are rarely linked to any severe disease in immunocompetent

humans, providing rationale for further development of these vehicles.

The first step in Ad5 infection occurs via high-affinity binding of the virion fiber knob domain to its

cognate cellular receptor known as the coxsackie and adenovirus receptor (CAR) (Henry et al.. 1994; Xia

et al.. 1994; Bergelson et al., 1997; Tornko et al., 1997). Following knob-CAR binding, receptor-

mediated endocytosis of the virion is dramatically increased by interaction of the penton base Arg-Gly-

Asp (RGD) motif with cellular integrins ccv33, ocv35, cvI3I, ct3[31, or other integrins (Bai et al., 1993;

Wickham et al., 1993; Louis et al., 1994; Davison et al., 1997; Li et al., 2001; Salone et al.. 2003).

Understanding of this two-step Ad entry pathway explains clinical findings by several groups that have

demonstrated that cells expressing low levels of CAR are refractory to Ad infection and gene delivery.

Native CAR-dependent tropism results in a scenario wherein non-target but high-CAR cells can be infected

while target tissues. if low in CAR, are resistant to Ad infection. Essentially, while Ad delivery is uniquely

efficient in vivo, the biodistribution of CAR is incompatible with many gene therapy interventions, and in

vivo co-localization of applied Ad vectors and the receptor is poor (Dmitriev et al.. 1998; Miller et al., 1998;

Fechner et al., 1999; Li et al.. 1999; Cripe et al., 2001).

Based on a clear understanding of native Ad cell recognition, the development of CAR-independent Ad

vectors has rationally focused on the fiber protein, the primary determinant of Ad tropism. Ad fiber

pseudotyping, the genetic replacement of the knob domain or entire fiber with its structural counterpart from

another human Ad serotype, has been employed as a means to derive Ad5-based vectors with CAR-

independent tropism by virtue of the natural diversity in receptor recognition found in species B and D Ad

fibers, and has identified chimeric vectors with superior infectivity to Ad5 in a variety of clinically relevant
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cell types (Gall et al.. 1996; Shayakhmetov et al.. 2000; Von Seggern et al., 2000; Chiu et al., 2001;

Goossens et al., 2001: Havenga et al.. 2001; Jakubczak et al.. 2001; -Havenga et al., 2002; Kanerva et al.,

2002).

The development of non-human adenoviruses as gene therapy vehicles has been proposed (Khatri et al..

1997; Rasmussen et al.. 1999; Reddy et al., 1999a; Reddy et al., 1999b; Kremer et al., 2000; Laser et al.,

2002; Hemminki et al., 2003). The rationale for these efforts has been three-fold: 1) no pre-existing

humoral or cellular immunity will exist against "xeno" Ads in the majority of humans (Hofmann et al., 1999;

Kremer et al.. 2000) 2) several non-human Ads have been demonstrated to efficiently infect human cells

without subsequent replication, including canine, bovine and m-urine mastadenoviruses (Gelhe and Smith,

1969; Nguyen et al.. 1999; Rasmussen et al., 1999; SoUdais et al., 2000) and ovine atadenovirus (LUser et al.,

2000: Ktimin et al., 2002) and 3) novel entry biologies of xeno Ads may circumvent CAR deficiency in

clinically relevant human target tissues refractory to Ad5-based vectors.

Consistent with these considerations, the 287 isolate of the ovine adenovirus type 7 (OAdV7) has been

evaluated as a potential human gene therapy vector (Voeks et al., 2002; LIser et al.. 2003; Martiniello-

Wilks et al., 2004; Wang et al., 2004). OAdV7 is the prototype isolate of a novel genus of viruses referred

to as atadenovirus, due to the high adenine/thymine (A/T) content of its genome (Benko and Harrach, 1998).

OAdV7 causes only mild symptoms in sheep and infects numerous human cell types efficiently, although

replication in human cells is abortive due to the lack of viral promoter function (Boyle et al., 1994; Khatri

et al., 1997; Rothel et al., 1997). OAdV7 displays CAR-independent tropism that is distinct from that of

serotype 2 and 5 Ads, utilizing an unknown primary receptor(s) (Xu and Both, 1998). In addition,

systemically applied OAdV7 exhibits a distinctive tissue distribution in vivo that is less hepatotropic in mice

compared to Ad5-based vectors (Hofmann et al., 1999).

OAdV7 tropism is mediated via a 543-residue fiber molecule comprised of a 35 residue N-terminal tail

region. a long shaft domain predicted to consists of 25 pseudo-repeats, and a relatively small 121 amino acid

C-terminal region comprising the knob domain, (Vrati et al., 1995). In contrast to Ad5, the OAdV7 fiber
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does not contain the lysine-rich KKTK sequence found in the third repeat of the Ad5 fiber, a motif

suggested to mediate hepatotropism of Ad5 vectors in rodents and primates in vivo (Smith et al.. 2003a;

Smith et al., 2003b). In addition, neither the penton nor fiber of OAdV7 contains an RGD sequence or other

identifiable integrin-binding domain, suggesting that interaction with cell-surface integrins may not be

required for infection (Vrati et al.. 1996; Xu and Both. 1998). Thus. the OAdV7 fiber protein appears to be

the sole structural determinant of a unique tropism.

Based on the unique tropism of OAdV7 that combines CAR-independence with a non-hepatotropic

biodistribution profile, we hypothesized that an Ad5 vector, containing the OAdV7 fiber as well as its native

penton base RGD, would achieve enhanced infectivity of Ad-refractory cell types in vitro and liver de-

targeted tropism in vivo.
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RESULTS

Generation of modified Ad5 containing the OAdV7 fiber. The OAdV7 fiber molecule is composed of

homotrimers of a 543-amino acid polypeptide. Predicted functional dornains within the fiber are the tail

domain spanning residues I to 35, the shaft domain from 36 to 422 containing approximately 25

pseudorepeats motifs and the 121-amino acid fiber knob domain from 423 to 543 (Vrati et al., 1995 ).

Most mammalian Ads contain a conserved threonine-leucine-tryptophan-threonine (TLWT) motif at the N-

terminus of the fiber knob domain, and in human Ad2 and Ad5 a flexible region separating the shaft and the

knob domains precedes this motif (van Raaij et al., 1999). The OAdV7 fiber does not contain this motif,

thus the start of the knob domain is poorly defined.

Following examination of Ad5 and OAdV7 fiber polypeptide sequences, we identified a common

leucine-serine-leucine (LSL) sequence common to both fibers immediately downstream of each tail domain

(Fig. 1 A). The LSL region was considered a common element in both fibers; therefore we substituted the

44 amino-acid Ad5 tail domain for the native OAdV7 tail domain upstream of the LSL sequence to provide

the correct penton base insertion domain for incorporation into the Ad5 capsid. This was accomplished

using a two-plasmid rescue system essentially as described (Krasnykh et al., 1996; Glasgow et al., 2004).

We constructed an El-deleted recombinant Ad genome (Ad5Lucl-OvF) containing the chimeric Ad5

tail/OAdV7 fiber gene and a firefly luciferase reporter gene controlled by the CMV immediate early

promoter/enhancer in the El region. Genomic clones of Ad5LuIcl-OvF were sequenced, and two correct

clones were chosen. Ad5LucI-OvF was rescued in 911 cells, and large-scale preparations of Ad5Lucl-OvF

were purified by double CsCI gradient centrifugation. The concentration of Ad5Lucl-OvF was 2.7 xl012

viral particles (v.p.)/ml while the control vector Ad5Lucl was 3.74 x 1012 v.p./ml. Ad5Lucl contains the

wild type Ad5 fiber and is isogenic to Ad5Lucl-OvF in all respects except for the fiber shaft and knob

domains.

We confirmed the fiber knob genotype of Ad5Lucl-OvF via diagnostic PCR, using knob dornain-

specific primer pairs and genomes from purified virions as PCR templates. Plasmids containing the fiber
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sequence of the wild-type OAdV7 fiber (data not shown) or the chimeric fiber gene, were used as positive

controls (Fig. 1 B). To further confirm that Ad5Luc I -OvF virions contained trimeric fibers, we performed

SDS-PAGE followed by Western blot analysis of vector particles. We used the monoclonal 4D2 primary

antibody that recognizes the Ad5 fiber tail domain common to both the Ad5 and chimeric OAdV7 fiber

molecules. We observed bands at approximately 185 kDa for Ad5Lucl-OvF and control Ad5Lucl virions,

corresponding to trimeric fiber molecules. Bands of boiled samples resolved at an apparent molecular

mass of approximately 60-65 kDa, indicative of fiber monomers (Fig. 1C).

Ad5Lucl-OvF vector exhibits expanded tropism and enhanced gene transfer. We hypothesized that

the incorporation of the OAdV7 fiber into the Ad5 capsid would provide augmented transduction through

expanded Ad vector tropism, including CAR-independent tropism. We therefore evaluated Ad5Luc 1 -OvF

transduction of a panel of cell lines expressing variable levels of CAR (Table 1). As shown in Fig. 2A.

Ad5Lucl-OvF provided augmented reporter gene delivery to several CAR-deficient cell lines, with

augmentation up to 23-fold compared to Ad5Luc I. Further, Ad5Luc I -OvF increased gene transfer to an

unpassaged primary ovarian cancer patient sample as much as 5-fold versus Ad5Lucl (Fig. 2B). Of

interest. Ad5Luc1-OvF gene delivery augmentation to CAR-deficient RD cells (human

rhabdomyosarcoma, 1.5-fold), was markedly lower than that to OV-3 cells (human ovarian cancer, 23-

fold) and CAR-deficient CHO cells (Chinese hamster ovary, 22-fold), suggesting that RD cells do not

express the requisite cell surface molecule(s) for OAdV7 fiber recognition. We also evaluated Ad5Lucl-

OvF transduction on a normal human liver epithelial cell line (TFILE-3), and observed a 10-fold reduction

in gene transfer compared to Ad5Lucl.

Ad5Lucl-OvF exhibits increased cell surface binding in the absence of CAR. To investigate whether

Ad5Lucl-OvF mediates increased gene transfer via enhanced cell-surface interaction, we performed cell-

binding assays employing FACS-based detection of surface-bound virions. We hypothesized that

Ad5LucI-OvF would display increased attachment to CAR-deficient cells, and possibly CAR-positive cells,

compared to Ad5 by virtue of novel virion/cell interaction. For these studies. we selected cell lines that
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exhibited distinct gene transfer profiles between Ad5Lucl and Ad5Lucl-OvF: CAR-deficient CHO cells

and the CAR-positive U 1 I8-hCAR-tailless cell line that artificially expresses the extracellular domain of

human CAR (Kim et al., 2002). Cells were incubated with Ad vectors at 4°C to allow virion attachment,

but not internalization, followed by labeling of bound virions with an anti-Ad primary antibody and a FITC-

conjugated secondary antibody, with subsequent FACS analysis (see Materials and Methods). As shown in

Fig. 3A. surface-bound Ad5LucI was detected on 94% of U! 18-hCAR-tailless cells, while only 8% of

these cells were positive for Ad5LucI-OvF. This observation is consistent with the 100-fold disparity in

gene transfer observed for these vectors in the same cell line (Table 1. Fig. 4A). In contrast. only 10% of

CAR-negative CHO cells bound Ad5Lucl, while over 60% of CHO cells were positive for Ad5Lucl-OvF

(Fig. 313). These data indicate that a direct positive correlation exists between increased Ad5LucI-OvF

cell-surface interaction and enhanced gene delivery in CAR-deficient cells.

The OAdV7 fiber in Ad5Lucl-OvF dictates CAR-independent tropism. As shown in Table I and Fig.

3, Ad5LucI-OvF gene transfer and cell binding was not dependent on the presence of CAR. To confirm

this aspect of Ad5Lucl-OvF tropism, we performed knob-blocking assays using recombinant Ad5 fiber

knob protein. As shown in Fig. 4A, Ad5Lucl exhibited clear CAR-dependent tropism as demonstrated by

a 100-fold increase in transgene expression in UI l8-hCAR-tailless cells versus the CAR-deficient

U II8MG cell line. Further, preincubation of cells with recombinant Ad5 knob protein at 50ptg/ml

inhibited 90% and 50% of AdS Lucl gene transfer to UI 18-hCAR-tailless cells and low-CAR SKOV3.ipl

cells, respectively. (Fig 413,C). Conversely, Ad5Lucl-OvF gene delivery to Ul 18MG cells was 2-fold

higher that that of Ad5Lucl, and transduction of the highly CAR-positive variant line yielded no increase

in luciferase values. Further, competitive inhibition with Ad5 knob did not appreciably block Ad5Lucl-

OvF-mediated gene transfer in either cell line, confirming the CAR-independent tropism of this vector.

Biodistribution of Ad5Lucl-OvF gene expression in mice. Following confirmation of our first

hypothesis that the Ad5Lucl-OvF vector Would exhibit enhanced infectivity in low CAR substrates via a

novel, non-CAR based tropism, we next addressed the biodistribution profile of Ad5Lucl-OvF. Based on
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the biodistribution of intravenously applied OAdV7 in mice (Hofmann et al.. 1999) and the lack of the

putative heparin sulfate binding motif KKTK in the OAdV7 fiber shaft, we hypothesized that an Ad5 vector

containing this fiber would demonstrate decreased hepatotropisrn in vivo. To this end, we evaluated the

biodistribution of transgene expression of a panel of Ad vectors including Ad5Lucl-OvF, Ad5Lucl and

Ad5Lucl-AKKTK (with the native KKTK sequence deleted from the fiber shaft) as a liver de-targeted

control vector, essentially as described (Smith et al., 2003b). For each virus, 8-10 mice per group were

injected via the tail vein with I x 101' viral particles. Forty-eight hours post-injection, the liver, spleen. lung.

heart and kidney were harvested and homogenized, and luciferase activity and protein concentrations of

cleared homogenates were measured. As expected, Ad5Lucl produced the highest transgene expression in

the liver, while Ad5-AKKTK vector gene expression in liver was reduced to 1% of control (Fig. 5). In all

other organs examined, Ad5-AKKTK gene expression was markedly reduced to less than 7% of Ad5Lucl

control levels. Ad5Lucl-OvF gene expression was more evenly distributed among the major organs and

was significantly decreased in the liver, to approximately 18% of Ad5Lucl levels (p< 0.0028). Ad5Lucl-

OvF gene expression in the heart, spleen and lung was not significantly different from Ad5Lucl. Ad5Lucl-

OvF gene expression in the kidney was increased 50-fold versus the Ad5Lucl control vector (p<0.042),

resulting in a liver-to-kidney gene expression ratio of 0.59 for Ad5Luc-OvF and 0.002 for Ad5gucl, a

difference of 280-fold.

In the aggregate, Ad5Lucl-OvF, a vector containing fibers from OAdV7 that are unable to bind CAR,

demonstrates enhanced gene delivery to CAR-deficient human cells in vitro and displays a unique

biodistribution characterized by attenuated liver transduction with significant kidney tropism.
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DISCUSSION

Despite a variety of avenues explored to improve human adenovirus serotype 5 as a therapeutic agent,

this vector exhibits innate drawbacks of CAR-dependency and hepatotropism. Of particular concern is that

many clinically important tissues, including several cancer types, are refractory to Ad5 infection due to low

CAR expression. Indeed, down regulation of CAR has been reported for several tumor types, including

glioma. ovarian, lung, breast and others (Miller et al., 1998; Hemminki and Alvarez, 2002; Bauerschmitz et

al., 2002a). As a consequence of limiting CAR levels in many clinically relevant target cells. high Ad

vector dosage is often required for in vivo efficacy. Given that over 95% of systemically administered Ad

particles are sequestered in the liver via hepatic macrophage (Kupffer cell) uptake (Tao et al., 2001) and

hepatocyte transduction (Connelly, 1999) of both rodents and primates, therapeutically relevant Ad doses

often result in vector-related liver toxicity (Peeters et al., 1996; Lieber et al., 1997; Sullivan et al., 1997;

Worgall et al.. 1997; Alemany et al., 2000; Shayakhmetov et al., 2004). Thus, Ad vectors exhibiting CAR-

independent and/or expanded tropism coupled with low hepatotropism should prove valuable for maximal

transduction of low-CAR targets at the lowest possible vector dose.

We sought to achieve this vector design mandate by replacing the AdS fiber with the corresponding

structure from ovine atadenovirus serotype 7. The fiber of OAdV7 is the only identified structural

determinant of native OAdV7 tropism, which is CAR-independent in vilro and non-hepatotropic when

applied systemically. Genetic incorporation of the OAd7 fiber molecule into the Ad5 virion ablated its

CAR-dependence as evidenced by competitive Ad5 knob blocking assays as well as increased cellular

attachment to CAR-deficient CHO cells. Our results are consistent with previous findings showing that Ad5

and OAdV7 do not compete with each other for cell entry in cells that both viruses can infect (Xu and Both,

1998). Ad5Lucl-OvF exhibited enhanced infectivity in vitro, providing 3- to 23-fold increased gene transfer

to several CAR-deficient cell lines and primary ovarian cancer tissue versus Ad5. However. Ad5Lucl-OvF

gene transfer to other CAR-deficient human cancer cell lines such as SCC-25. FaDu and LNCaP. as well as

the human THLE-3 normal liver cell line. was markedly reduced compared to the Ad5Lucl control vector.
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These findings suggest that the receptor(s) for the OAd7 fiber is not ubiquitously expressed, a biological

phenomenon that may provide the basis of a level of cell- or tissue-type selectivity of potential utility.

Intravenous administration of Ad results in accumulation in the liver, spleen. heart, lung, and kidneys of

mice, although these tissues may not necessarily be the highest in CAR expression (Reynolds et al.. 1999;

Wood et al., 1999) This is true with regard to the liver in particular, which sequesters the majority of

systemically administered Ad particles via hepatic macrophage (Kupffer cell) uptake (Tao et al., 2001 ) and

hepatocyte transduction, (Connelly. 1999) leading to cytokine release, inflammation and liver toxicity

(Peeters et al., 1996; Lieber et al., 1997; Worgall et al., 1997; Shayakhmetov et al., 2004, 2005b). Thus, the

nature of adenovirus-host interactions dictating the fate of systemically applied Ad has corne under

considerable scrutiny.

To this end. attempts to design AdS vectors that "cdetarget" the liver have been based on the assumption

that CAR- and integrin-based interactions are required for liver uptake in vivo. The majority of attempts to

inhibit hepatocyte and/or liver Kupffer cell uptake using Ad5 vectors with ablated CAR- or integrin-binding

motifs in the Ad capsid have failed (Alemany and Curiel, 2001; Mizuguchi et al.. 2002; Smith et al., 2002;

Martin et al., 2003; Smith et al., 2003a), although some mutations of the AdS fiber knob have attenuated

liver tropism of vectors following systemic administration (Einfeld et al., 2001; Koizumi et al., 2003; Yun et

al., 2005). Indeed, recent studies focused on Ad vector biodistribution have demonstrated that Kupffer cell

and hepatocyte uptake in vivo is largely' CAR-independent (Liu et al., 2003; Shayakhmetov et al.. 2004),

confirming that native Ad5 tropism determinants at work in vitro contribute little to vector biodistribution in

viivo.

The Ad fiber is a major structural determinant of liver tropism in vivo, even in the absence of knob/Ad

receptor interaction (reviewed by Nicklin et al., 2005). In this regard, Smith and co-workers have examined

the role of a putative heparan sulfate proteoglycan (HSPG)-binding motif, KKTK, in the third repeat of the

native fiber shaft. Replacement of this motif with an irrelevant GAGA peptide sequence reduced reporter

gene expression and Ad DNA in the liver by 90 percent in mice and non-human primates (Smith et al.,
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2003a). The authors postulated that removal of the KKTK inhibited Ad5 interaction with heparin sulfate

proteoglycans (HSPG) in the liver; however, direct binding of this motif to HSPG has not been

demonstrated.

Pseudotyping Ad5 with short-shafted fibers from Ad3, Ad35 or Ad40 that contain no native KKTK

results in significant reduction of liver uptake (Table 2) (Nakamura et al.. 2003; Sakurai et al., 2003; Vigne

et al., 2003). Further, the use of a shortened Ad5 fiber shaft that retains the native KKTK motif (Vigne et al..

2003). or replacement of the Ad5 shaft with the short Ad3 shaft domain (Breidenbach et al., 2004) was

shown to attenuate liver uptake in vivo following intravenous delivery. Indeed, Shayakhmetov and co-

workers have recently shown that short-shafted Ad vectors with either CAR- or non-CAR-interacting knob

domains do not efficiently interact with hepatocytes in vivo and are not taken up by Kupffer cells

(Shayakhmetov et al.. 2004).

The Ad5LucI-OvF fiber contains 25 pseudo-repeats, no KKTK motif, and likely forms a fiber at least as

long as the native Ad5 fiber. Long-shafted Ads have been shown to accumulate within liver sinusoids and

subsequently infect hepatocytes in a CAR-independent manner (Shayakhmetov et al.. 2004). Thus, our

result demonstrating marked reduction of in vivo liver gene expression appears to be unique for a long-

shafted Ad vector, and is comparable to results obtained with some short-shafted Ads (Table 2). In addition,

our findings further support the idea that short-shafted Ad vectors are not liver detargeted due solely to the

lack ofa KKTK motif.

Recent evidence has highlighted the importance of serum factors in the hepatic uptake of systemically

applied Ad vectors. Shayakhrnetov and colleagues demonstrated that coagulation factor IX (FIX) and

complement component C4-binding protein (C4BP) can direct Ad biodistribution in vivo by cross-linking

Ad to hepatocellular HSGP and the LDL-receptor related protein. Kupffer cell sequestration of Ad particles

was likewise dependent on Ad association with FIX and C4BP (Shayakhmetov et al., 2005a). This work

also demonstrated a key vector design approach whereby genetic modification of solvent exposed loop

structures in the Ad5 fiber knob attenuated serum factor binding resUlting in reduced liver uptake in vivo. In
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addition to the Ad5Lucl-OvF vector, this serum factor-ablated Ad vector is the only other long shafted

liver-detargeted Ad reported to date. Therefore, it is reasonable to posit that reduced liver uptake observed

with Ad5LucI-OvF is the result of the unique structure of the ovine fiber resulting in reduced and/or altered

interaction with blood factors that mediate native Ad5 liver uptake.

Gene transfer to the kidney could have significant utility for the treatment of renal disease and in

transplantation paradigms (Imai et al.. 2004). While Ad, adeno-associated virus (AAV) and retroviral

vectors transduce renal cells in vitro. systemic delivery of viral vectors has resulted in insufficient gene

delivery to the kidney (Moullier et al., 1994; Takeda et al., 2004; Fujishiro et al., 2005). To increase in vivo

gene transfer to the kidney, perfusion (Heikkila et al., 1996), catheter infusion (Takeda et al.. 2004;

Fujishiro et al., 2005) and direct interstitial injection (Ortiz et al., 2003) have been employed. Considering

the established difficulty of generating Ad-mediated renal gene transfer via systemic injection, our result

demonstrating abundant kidney gene expression by Ad5Lucl-OvF is notable. While the mechanism of

enhanced kidney gene expression remains under investigation, we interpret this result as a consequence of

unique, direct interaction(s) of Ad5LucI-OvF with kidney and/or renal vasculature, and not solely as a

result of decreased liver sequestration, since other Ad vectors exhibiting decreased hepatotropism have not

demonstrated appreciable novel tissue tropism (Table 2).

The kidney is a complex organ with numerous specialized compartments including the glomeruli, tubules,

interstitium and vasculature. The glomerular capillary endothelium is fenestrated, resulting in the leaky"

vasculature that would allow intravenous Ad vectors to contact the underlying filtration membrane and

access to the epithelium of the renal tubule system. Indeed, injection of an Ad vector directly into the renal

artery can result in gene transfer to cells of the proximal tubule (Moullier et al.. 1994). Given the unique

renal localization observed, we are currently extending our studies to determine the precise localization of

Ad5 Luc I -OvF gene expression within kidney substructures.

To our knowledge, this is the first report of a fiber-pseudotyped Ad vector that simultaneously displays

decreased hepatotropism and a distinct organ tropism in vivo. Further, this novel redirection of vector
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biodistribution is directly attributable to fiber replacernent with a non-CAR binding long-shafted fiber, an

outcome seemingly at odds with recent fiber pseudotyping reports employing short-shafted vectors. In vitro,

Ad5LucI-OvF displays CAR-indepenident tropism with a positive correlation between increased Ad5Lucl-

OvF cell-surface interaction and enhanced gene delivery in CAR-deficient cells, suggesting the use of as-

yet unidentified receptor molecule(s). In addition, this vector may prove useful in murine models of renal

disease.
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MATERIALS AND METHODS

Cell lines

The AdS DNA-transformed 293 human embryonic cell line was purchased from Mvlicrobix (Toronto,

ON, Canada). Human embryonic rhabdomyosarcoma RD cells, CAR-negative human Ul 18 MG gliorna

cells, PC-3 and LNCaP human prostate cancer cells, MCF7 human breast cancer cells. T24 human bladder

cancer cells, Chinese hamster ovary cells (CHO), human squamous cell carcinoma SCC-4 and SCC-25

cells. FaDu human pharynx cancer cells, HeLa and SKOV ovarian cancer cells, LoVo colon cancer cells

and OV-3 ovarian cancer cells were obtained from the American Type Culture Collection (ATCC)

(Manassas, VA). The human ovarian adenocarcinoma cell lines Hey, SKOV3.ipl. and OV-4 were obtained

from Drs. Judy Wolf, Janet Price (both of M.D. Anderson Cancer Center, Houston, TX). and Timothy J.

Eberlein. (Harvard Medical School, Boston. MA), respectively. U I 18-hCAR-tailless cells, which express a

truncated form of human CAR comprising the extracellular domain. transmembrane domain, and the First

two amino acids from the cytoplasmic domain (Wang and Bergelson, 1999), have been described

previously (Kim et al., 2003). All cell lines were cultured at 37'C in 5% CO 2 using culture media

recommended by each respective supplier. FCS was purchased from Gibco-BRL (Grand Island, NY) and

media and supplements were from Mediatech (Herndon, VA).

Precision-Cut Human Ovarian Cancer Slices

Human ovarian cancer tissue was obtained from livers taken from ovarian cancer patients following

institutional review board approval. This procedure has been described previously (Kirby et al., 2004).

Briefly, excess material was received from the Department of Obstetrics and Gynecology. the University of

Alabama at Birmingham Hospital. Precision-cut ovarian cancer slices (diameter 4 mi. thickness 150 pm)

were prepared using a Krurndiek Tissue Slicer (Alabama Research and Development. Munford, AL). Each

slice was transferred into a well of a 24-well plate containing I ml William's Medium E and placed on a

rocker. Liver slices were maintained at 37°C in a 5% CO 2 environment on a rocker and allowed to

preincubate for 2 hours before treatment. Ovarian cancer slices were infected with 100 and 1000 vp/cell
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with Ad5Luc I Ad5/OAdV7, or no virus. Ovarian cancer slices were harvested and frozen at 24 hours after

infection. Gene transfer was determined using a luciferase activity assay system (Promega. Madison. WI)

according to the manufacturer's instructions.

Flow cytometry

Cells grown in T75 flasks were removed by addition of EDTA in PBS and resuspended in PBS

containing 1% bovine serum albumin (BSA). Cells (2 x 105) were incubated with 3.5 x 109 viral particles

of adenovirus, or buffer only, for 1 hr at 4°C in 250 Vl PBS-BSA. Cells were then washed twice in 4 ml

cold PBS-BSA and incubated with a 1:500 dilution of polyclonal rabbit anti-Ad5 antiserum (Cocalico

Biologicals, Reamstown, PA) at 4°C in 250 il PBS-BSA. Cells were washed twice in 4 ml cold PBS-BSA

and incubated in 250 pl of a 1:150 dilution of FITC-labeled goat anti-rabbit IgG secondary antibody

(Jackson Immunoresearch Labs. West Grove. PA) for I hr in PBS-BSA at 4°C. Flow cytometry analysis

was performed at the UAB FACS Core Facility using FACScan (Beckton Dickenson, San Jose. CA).

Plasmid construction

To create the chimeric fiber used in this study, we fused the Ad5 tail domain to the OAdV7 fiber shaft

and knob domains. A I 553-bp PCR product containing a 5' Scal site, the OAdV7 fiber shaft and knob

domains and a 3' Mmnl site was amplified from plasmid pAK containing the right hand BanmHI fragment

of the OAdV7 genome cloned into Bluescribe M13+ BamnHl/Hincll sites. The forward primer designated

OAdSScalF was 5'-AGC GAA GGG TTA GTA CTA TCT TTA AAC-3' and the reverse primer was

designated OAdjfunl-R2 5'-TCA TAC AAT TGT TTA TTA TTG TCT GAA TTG-3". The underlined

bases indicate insertion of restriction sites and the stop codon is shown in bold. Next. a PCR product

containing a 5' Pacl site, the Ad5 tail domain and a 3' Scal site was amplified from plasmid

pNEB.PK.3.6, a pNEB193-based shuttle vector containing the Ad5 fiber (Krasnykh et al., 1996). The

forward primer is designated NEB36PacIF 5'-ATT ACG CCA AGC TTG CAT GCC TGC-3' and reverse

primer NEB36ScaIR 5-GCA AAG AGA GTA CTC CAG GGG GAC-3". This PCR product was then

digested with Pacl and Scal and gel purified. Shuttle vector pNEB.PK.3.6-OvF was created by a 3-piece
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ligation of Pacl/Munl -digested pNEB.PK.3.6 and the two digested PCR fragments containing the Ad5 tail

region and the OAdV7 shaft and knob domains. Direct sequencing confirmed that the coding region for

the chimeric fiber was correct.

Generation of recombinant adenovirus.

Recombinant Ad5 genomes containing the chimeric OAdV7 fiber gene were derived by homologous

recombination in E. coli B.J51 83 with Swal-linearized rescue plasmid pVK700 (Belousova et al., 2002) and

the fiber-containing Pacl-Kpnl-fragment of the shuttle vector pNEB.PK.3.6-OvF (described above)

essentially as described (Krasnykh et al., 1998). pVK700 is derived from pTG3602 (Chartier et al.. 1996),

but contains an almost complete deletion of the fiber gene and contains a firefly luciferase reporter gene

driven by the cytomegalovirus immediate early promoter in place of the El region. Genomic clones were

sequenced and analyzed by PCR prior to transfection of 911 cells. Ad5Lucl is a replication-defective El-

deleted Ad vector containing a firefly luciferase reporter gene in the El region driven by the

cytomegalovirus immediate early promoter/enhancer (Krasnykh et al., 2001). All vectors were propagated

on 911 cells and purified by equilibrium centrifugation in CsCI gradients by a standard protocol. Viral

particle (v.p.) concentration was determined at 260 nm by the method of Maizel et al. (Maize! et al., 1968)

by using a conversion factor of 1.lx 1l012 v.p./absorbance unit.

Western blot analysis

Aliquots of Ad vectors containing 2.0 x 1010 viral particles were diluted into Laemmli buffer and

incubated at room temperature or 990 C for 15 rnin and loaded onto a 4-20% gradient SDS-

polyacrylamide gel (Bio-Rad, Hercules. CA). Following electrophoretic protein separation, proteins were

electroblotted onto a PVDF membrane. The primary antibody (monoclonal 4D2 recognizing the Ad5 fiber

tail domain) was diluted 1:3000 (Lab Vision, Freemont, CA). Immunoblots were developed by addition of

a secondary horseradish peroxidase-conjugated anti-mouse immunoglobulin antibody at a 1:3000 dilution

(Dako Corporation, Carpentaria, CA), followed by incubation with 3-3'-diaminobenzene peroxidase

substrate (DAB: Sigma Company, St. Louis, MO).
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Recombinant fiber knob proteins

The knob domain of Ad5 was expressed in E. coli with an N-terminus 6-histidine tag using the pQE81

expression plasmid (Qiagen, Hilden, Germany). The Ad5 fiber knob domain was PCR amplified using

primers that amplified the entire fiber knob domain and the three carboxy-terminal fiber shaft repeats

using the following primers: Ad5 (fwd) 5'-CAAACACGGATCCCCTCAAAACAAAA-3" and (rev) 5"-

TTTATTATTCTTGGGCAATGTATGA-3' using plasmid pNEB.PK.3.6 as the template. The forward

primer contains a 2-bp Mutation (in bold) that creates a 5'-end BamHl restriction site (underlined). The

stop codon (TAA) and polyadenylation signal (AATAAA) are underlined in the reverse primer. The PCR

products containing the Ad5 fiber knob region was digested with BaonHl, gel purified, and ligated into

Banl-I-Sinal-digested pQE8l. The resulting plasmid, pQE81-Ad5 was sequenced to identify correct

clones. The expression plasmid was introduced into E. coli, and 6-His-containing fiber knob proteins from

bacterial cultures were purified on nickel-nitrilotriacetic acid (Ni-NTA) agarose columns (Qiagen). The

ability to form trimers was confirmed by Western blot analysis of boiled and unboiled purified knob

proteins using a mouse penta-His monoclonal antibody (Qiagen) and a horseradish peroxidase-conjugated

anti-mouse immunoglobulin antibody at a 1:3000 dilution (DAKO Corporation), followed by incubation

with 3-3'-diaminobenzene peroxidase substrate (DAB; Sigma Company). Concentration of purified knob

proteins was determined by the method of Lowry (Bio-Rad).

In Vitro Ad-mediated gene transfer experiments

For virus gene transfer experiments using adherent cell lines, cells were grown in wells of 24-well

plates and were incubated for 1 hr at 37°C with each Ad vector diluted to 100 v.p./cell in 500 P1 of

transduction media containing 2% FCS. Following the incubation, cells were rinsed in transduction

media and were maintained at 37°C in an atmosphere of 5% CO 2. Cells were harvested 24 hr post

transduction and gene transfer was determined using a luciferase activity assay system (Promega,

Madison, WI) according to the manufacturer's instructions.
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For experiments containing blocking agents, recombinant fiber knob proteins at 0.5, 5.0 and 50 ýtg/rnl

final concentration were incubated with the cells at 37°C in transduction media 15 min before the addition

of the virus. Following the transduction, cells were rinsed with transduction media to remove unbound

virus and blocking agent, and were maintained at 37'C in an atmosphere of 5% CO2 .

Animals

Mice were obtained at 4 to 6 weeks of age and quarantined at least I week before the study. Mice were

kept under pathogen-free conditions according to the American Association for Accreditation of

Laboratory Animal Care guidelines. Animal protocols were reviewed and approved by the Institutional

Animal Care and Use Committee of UAB.

Biodistribution

Female C57BL/6 mice (Charles River Laboratories, Wilmington, MA), aged 6-8 weeks were injected

intravenously through the lateral tail vein with I x 10'' v.p. ofAd5Lucl, Ad5Lucl-OvF, and Ad5-AKKTK

in 1 001d of PBS. After 48 hours mice were sacrificed and livers, lungs, spleens, hearts and kidneys were

harvested and representative sections were frozen in the liquid nitrogen immediately. The frozen organ

samples were homogenized with a Mini Beadbeater (BioSpec Products, Inc.. Bartlesville, OK) in 2 ml

micro-tubes (Research Product International Corp., Mt. Prospect. IL) within 100 [Al of 1.0 mm

zirconia/silica beads (BioSpec Products, Inc.) and 1 ml of Cell Culture Lysis Buffer (Promega), then

centrifuged at 14,000 rpm for 2 min. Luciferase activity was measured as before. Mean background

luciferase activity was subtracted. All luciferase activities were normalized by protein concentration in the

tissue lysates. Protein concentrations were determined using a Bio-Rad DC protein assay kit (Bio-Rad,

Hercules, CA).

Statistics

Data were presented as mean values +/- deviation. Statistical differences among groups were assessed by

a two-tailed /-test assuming unequal variance between groups for increased stringency; p < 0.05 was

considered significant.
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FIGURE LEGENDS

FIG. I. Diagram depicting the design of the chimeric fiber and molecular validation ofAd5Lucl-OvF. (A)

Construction of the 553 amino acid chimeric fiber of Ad5Lucl-OvF, including the N-terminal arnino acid

sequences of the OAdV7 and human Ad5 fiber proteins. The LSL sequence common to both fibers that

served as the junction for the replacement of the OAdV7 tail domain, as well as other common sequences.

are highlighted. The final Ad5Lucl-OvF fiber sequence is underlined, and the arrow highlights that Va146 of

the Ad5 tail domain is followed by Leu 37 in the OAdV7 fiber. (B) PCR analysis of fiber genes using Ad

genomes frorn rescued viral particles as the PCR templates. Ad5Lucl virions and fiber shuttle plasmid

pNEB.PK3.6-OvF (designated as pNEB-OvF in the figure) were used as controls. Lanes containing DNA

size standards (M) and no PCR template (NT) are designated. Primers used are specific for the OAdV7 or

Ad5 fiber gene knob domain. PCR products indicating the presence of the Ad5 or OAdV7 fiber knob

domains are 540bp and 366bp. respectively. (C) Western blot analysis of fiber proteins from purified virions.

I x 1010 v.p. of Ad5Lucl with wild type AdS fiber (lanes 3,4) or Ad5LucI-OvF with chimeric OAdV7 fiber

(lanes 1.2) were resuspended in Laemmli buffer prior to SDS-PAGE and Western analysis with an anti-tail

Ad5 fiber mAb. Samples in lanes I and 3 were heated to 950C prior to electrophoresis. Fiber monomers (M)

and trimers (T) are indicated. Molecular mass markers indicate kilodaltons.

FIG. 2. Ad5Lucl-OvF-mediated gene transfer. Luciferase activities following transduction of a panel of

CAR-deficient cell lines (A), and unpassaged primary ovarian cancer cells purified from patient ascites (B).

Luciferase activity was determined 24 hours post-transduction and is reported in relative light units (RLU)

in panel A and RLU/mg cellular protein in panel B. Each column is average of 4 replicates using 100

v.p./cell, and the error bar indicates the standard deviation.

FIG. 3. FACS analysis of Ad5LucI and Ad5Luc I-OvF binding to U I 18-hCAR-tailless (upper panel). or

CHO cells (lower panel). Aliquots of 2 x 105 cells were incubated with polyclonal rabbit anti-Ad5
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antiserurn following binding of virus to the cells at 4'C (to block internalization). Cells were incubated in

the presence of anti-rabbit FITC-labeled secondary antibody and subjected to flow cytornetry analysis. The

gray peaks in the histograms represent negative control cells incubated with primary and secondary

antibodies only. The thin line indicates Ad5 cellular attachment, and the heavy line indicates Ad5Lucl-OvF

attachment. In UI 18-hCAR-tailless cells, approximately 94% of cells were positive for Ad5Lucl surface

attachment (thin line), while only 8% of cells were positive for Ad5Lucl-OvF (heavy line) versus control

cells receiving primary and secondary antibodies (gray peak). In CHO cells, 10% of cells were positive for

Ad5Luc I attachment compared to 60% positive cells for Ad5LUcl -OvF.

FIG. 4. Ad5LucI and Ad5LucI-OvF mediated gene transfer with Ad5 knob blocking. Luciferase activities

following transduction of low-CAR U I18 MG cells and CAR-expressing U I 18-hCAR-tailless cells (A),

transduction of U I 8-hCAR-tailless with Ad5LucI (white squares) or Ad5Lucl-OvF (black squares) with

Ad5 knob block (B) and low-CAR SKOV3.ipl cells with Ad5 knob block (C). Concentration of

recombinant Ad5 fiber knob protein used to block transduction is indicated in J.tg/1nl. Luciferase activity

was determined 24 hours post-transduction and is reported in relative light units (RLU) in (A) or in percent

total of unblocked luciferase activity for ease of comparison (B,C). Each column is average of 4 replicates

using 100 v.p./cell, and error bar indicates standard deviation.

FIG. 5. In vivo biodistribution of Ad5-based vectors after intravenous injection into female C57BL/6 mice.

Mice 6-8 weeks of age were injected with 1 x 10'' vp of Ad5Lucl (open bars), Ad5LuclI-OvF (black bars),

or Ad5-AdKKTK (cross-hatched bars). Luciferase activity was determined 48 hours post-injection. Results

from two individual experiments using different preparations of Ad5Luc1-OvF were combined and are

presented as relative light units (RLU) normalized for total protein concentration for each individual organ.

Each data point is an average of 8-10 mice (Ad5Lucl, n=10; Ad5Lucl-OvF, n=8; Ad5-AKKTK, n=10) and

error bars indicate standard deviation. *p< 0.0028 versus Ad5Lucl in liver, #p< 0.042 versus Ad5Lucl in
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kidney. For all tissues except heart, Ad5AKKTK luciferase values were significantly lower than Ad5Lucl,

p< 0.017. In all cases a two-tailed t-test assuming unequal variance between groups was used for increased

stringency.
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TABLE I. Ad5Lucl-OvF luciferase gene expression in various cancer cell lines

Fold increase in luciferase
Cell Line Origin CAR' activity vs Ad5b Reference

CHO hamster ovary L/N 22 Soudais et al.. 2000

RD rhabdomy osarcoma I-N 1.5 Dinitriev et al.. 1998: Cripe. et al.. 2001
PC-3 prostate cancer L/N 7.8 Okegawa et al.. 2000
LNCaP prostate cancer NM 5% of Ad5 14erning et al. 2004
T24 bladder cancer L/N 9.8 Li et al.. 1999
MCF7 breast cancer L/N 9.2 KavNakalni e
HeLa cervical cancer H 13% of Ad5 Bergelson. et al.. 1997
LoVo colon cancer ND 60% of Ad5

oLE ovine normal stroma ND 2.7
JS8JSRV ovine lung cancer ND 5% of Ad5

U1 8MG glioma L/N 2.2 Kim et al.. 2003
U 118 CAR-tailless glioma H I%of Ad5 Kim et al., 2003

OV-3 ovarian cancer ND 23
OV-4 o% arian cancer LIN 3.0 Hemminki et al.. 2003b
HEY ovarian cancer L/N 6.5 Hemminki et al.. 2003b
SKOV ovarian cancer ND I
SKOV3.ipl ovarian cancer L/N 5.0 Hemminki et al.. 2003b

FaDu pharynx cancer L/N 21% of Ad5 Blackwell. et al.. 1999
SCC-4 tongue cancer L/N 9.7 Blackwell, et al.. 1999
SCC-25 tongue cancer IMv 9% of AdS Blackwell. et al.. 1999

THI.E-3 normal liver epithelial ND 10% of Ad5

Primary Cells
Patient I ovarian cancer ND 4

' H, high levels of CAR; M, moderate; L/N, little or no CAR; ND, not determined. As determined
by FACS analysis.

b 100 vp/cell, luciferase activity measured at 24 h post-infection.
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ARTICLES
Dynamic Monitoring of Oncolytic Adenovirus In Vivo by
Genetic Capsid Labeling

Long P Le, Helen N. Le, Igor P Dmitriev, Julia G. Davydova, Talyana
Gavrikova, Sei'i Yamamoto, David T Curiel, Masato Yamamoto

chemotherapy. Conditionally replicative adenoviruses represent
Background: Conditionally replicative adenoviruses repre- a candidate agent in this endeavor and have the potential for
sent a promising strategy to address the limited efficacy and transductional and transcriptional targeting (5-8), and their rapid
safety issues associated with conventional cancer treatment, evaluation in clinical trials has demonstrated their safety. How-
Despite rapid translation into human clinical trials and dem- ever, to date, conditionally replicative adenoviruses, when used
onstrated safety, the fundamental properties of oncolytic as single agents, have not displayed the anticipated efficacy for
adenovirus replication and spread and host-vector interac- cancer therapy (9). Oncolytic adenovirus function in humans
tions in vivo have not been completely evaluated. Methods: therefore needs to be carefully explored. Current clinical trial
We developed a noninvasive dynamic monitoring system to protocols and methods cannot provide the interval endpoint data

detect adenovirus replication. We constructed capsid-labeled necessary to fully study fundamental issues such as the extent of

EI/E3-deleted and wild-type adenoviruses (Ad-wt) by fusing replication and spread, specificity, viral persistence, and host-
the minor capsid protein IX with red fluorescent proteins vector interactions. The lack of tools to directly and dynamicallytm inor capsid pdimer2(1 roein ti g with red Iurecent prens observe the performance of conditionally replicative adenovi-
mRFPI and tdimer2(12), resulting in Ad-wt-IX-mRFPI and .... . . .

Ad-wt-IX-tdimer2(12). Virus DNA replication, enicapsidation, ruses in vivo has been a major impediment in realizing the clini-
cytopathic effect, thermostability, and binding to primary cal utility of replicative adenoviral agents.

Current methods of vector detection include chemical label-receptor (coxsackie adenovirus receptor) were measured ing, DNA and RNA quantification or hybridization, immuno-
in A549 lung adenocarcinoma cells and Chinese hamster histochemistry, and reporter gene expression. Although these

IAQII ovary cells infected with Ad-wt-IX-mRFPI" using real-time methods have been operative for certain in vitro and in situ
quantitative polymerase chain reaction, cell viability (MTS) studies ofadenovirus biology and gene therapy, their limitations
assay, and fluorescence microscopy. Athymic mice (n = 4) are evident when they are used in replicative vector systems.
with A549-derived xenograft tumors were intratumorally Most of these terminal assays only allow examination of a par-
inoculated with Ad-wt-IX-mRFPI, and adenovirus replica- ticular sample and of one moment in time. However, the adeno-
tion was dynamically monitored with a fluorescence nonin- virus oncolytic mechanism revolves around the concept that the
vasive imaging system. Correlations between fluorescence initial virus amplifies and spreads to eventually yield a tumor-
signal intensity and viral DNA synthesis and replication wide therapeutic effect (9-11). Such dynamics cannot be cap-
were calculated using Pearson's correlation coefficient (r). tured and represented by static analysis. The shortcomings of
Results: The red fluorescence label had little effect on viral current vector detection methods are further complicated by the
DNA replication, encapsidation, cytopathic effect, thermo- need to acquire multiple biopsies using an invasive procedure
stability, and coxsackie adenovirus receptor binding in that is prone to sampling error and is concomitantly impractical

IAQ21 either cell type". 'Uhe fluorescent signal correlated with viral for repeated monitoring of the entire tumor (12-15). Reporter
DNA synthesis and infectious progeny production both in genes can only provide indirect and relative information with
vitro and in vivo (in A549 cells, r = .99 and r = .65; in tumors, respect to virus replication and localization based on transgene
r = .93 and r = .92, respectively). The replication efficiency of expression.

IAQ31 the labeled virus" in vivo was variable, and replication and Trhe ideal approach for evaluating the replication and dissemi-

viral spreading and persistence were limited, consistent with nation ofoncolytic adenoviral agents should directly measure the

clinical observations. Conclusions: Genetic capsid labeling
provides a promising approach for the dynamic assessment
of oncolytic adenovirus function in vivo. IJ Nail Cancer Inst Affi,,oiais fauthor.. Division of Human Gene Therapy (LPL. FiNL. IPD,
2006;98: I-I131 JGD, TG. SY, DTC, MY), Depanrments of Medicine, Pathology and Surgery and

the Gene Therapy Center (IPD, DIC. MY). University ofAlabaina at Binning-

ham. Binnlnighaiei. AL
('i're.vporrdvre to David T Curiel. MD. PhD. Division of Haman Gene

Cancer is the second leading cause of disease-related mortal- Therapy. 901 19th St S.. BMR2-508. Binninghain. AL 35294-2172 (e-mail.
david.cunel(_iccc uab edui) or Masatio Yannaioto, MD. PhD, Division off Human

IAQ41 ity in humans after heart disease" despite technologic advances Gene Therapy, 901 i9th St. S.. BMR2410 BinninghaM. AL 35294-2D172 (e-oma.
in clinical management (1). Conventional tumor therapies, in- Gnasato.yapa90 oto i .ccc. M(ab.edR-).
cluding surgery, radiotherapy, and chemotherapy, often have See"Notes" Iollowing"References."
poor efficacy and may have undesirable side effects (2-4). Once- DO. 10.1093/j1ci/djj022
lytic viral treatment (also known as virotherapy) has been , The Author 2006. Published by Oxford University Press. All rights reserved.
proposed as a promising alternative to surgery, radiotherapy, and For Pelnissions, please e-mail. joenials.pennissions o-oxfordjounmals org.
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viral mass that accrues from the initial administration without Virus Propagation and Purification
compromising replication capacity and be capable of noninva-
sive detection. To this end, we hypothesized that the detection of Replication-deficient viruses were propagated in EI-comple-
viral capsid proteins genetically fused with an imaging reporter meriting 911 retinoblast cells, and Ad-wt-IX-mRFPI was ampli-
would provide such an index of viral replication and localization, fled in A549 lung cancer cells. Viruses were purified by double
Previously, we established an adenovirus capsid labeling strategy cesium chloride (CsCI) ultracentrifugation (AdEasy system;
by fusing the minor capsid protein IX with enhanced green fluo- QBiogene) and were dialyzed against phosphate-buffered saline
rescent protein (EGFP) (16). Herein, we expand the capsid label- (PBS-) containing 0.5 mM Mg2', 0.9 mM Ca--, and 10% glyc- IAQ8I
ing technology to develop red fluorescent protein (RFP)-labeled erol. Final aliquots of virus were analyzed for viral particle titer
adenoviruses with conserved viral function to monitor adenoviral (absorbance at 260 nm), transducing unit titer, and cytopathic
replication in vivo. effect unit titer. Based on a previously described protocol (22),

the transducing unit was determined by infecting 911 cells in 96-
MIETHODS well plates with I 10 serial dilutions of the virus and counting the

number of red fluorescent cells 2 days after infection (n = 3). The
Cell Culture same plate was assayed with an MTS viability assay (3-[4,5-

dimethylthiazol-2-yl l-5-[3-carboxymetloxyphenyl]-2-[4-sul lu-

Human embryonic kidney 293 (American Type Culture Col- phenyl]-2H-tetrazolium; Promega, Madison, WI) to determine

lection [ATCC], Manassas, VA), human embryonic retinoblast the viral dilution that is cytotoxic to 50% of the cells. Three inde-

911 (17), human lung adenocarcinoma A549 (!-\CC), BALB/c pendent experiments were performed" Based on the number of IAQ91

mouse transformed liver BNL-I NG-A.2 (ATCC), and Chinese cells seeded (15000/well), the cytopathic effect unit was calcu-

hamster ovary (CHO) (ATCC) cells were maintained according lated such that I unit is defined as the amount of virus that causes

to the suppliers' protocols. The cells were incubated at 37 'C and cytopathic effect in one 911 cell in 2 days (23). All viruses were

5% CO, under humidified conditions. stored at -80 'C until use.

Recombinant Adenovirus Construction Characterization of Virus Gradient Fractions

All viruses were constructed by homologous recombination in For the fractionation studies, Ad-El -CMV-mRFP I, Ad-E l-
Escherichiac coli (18). All parental plasmids have been previously CMV-tdimer2(12), Ad-IX-niRFlP I, and Ad-IX-tdimer2(12) were
described: pShuttle-cytomegalovirus (CMV) (AdEasy system; each propagated in 10 150-mm dishes of 911 cells. Cells were
Qbiogene, Irvine, CA), pRSETB-mRFPI and pRSETB-tdi- harvested by aspiration, and viruses were purilied by double CsCl
mer2(12) (19), pShlplXNhel (20), and pShuttle-wt-IX-EGFP ultracentrifugation as described above, in which the top and

IAQSI (21)/" Shuttle plasmids for the EI/E3-deleted (replication- bottom bands were retained in the same sample after two cen-
deficient) vectors were constructed using restriction cloning as trifugation steps, yielding one gradient from the 10 dishes. After
follows: pShuttle-EI-CMV-mRFPl -- pShuttle-CMV/Bglll/ the second centrifugation, fractions of 2 drops each (approxi-
Hindll -+ pFZSETB-mRFPI/BamHliHindlII, pShuttle-EI-CMV- mately 100 pL) were collected through a perforation at the
tdimer2(12) -' pShuttle-CMV/BgllI/Hindltl + pRSETB-tdimer2 bottom of the tube into a 96-well white opaque plate. Plates with
(12)/Bamnl-ll/Hindlll; pShuttle-IX-mRFPI - pShlplXNhe/Bmtl/ the viral fractions were measured with a microplate fluorometer
blunt + pRSETB-mRFPI/BamH1/EcoRl/blunt; pShuttle-IX- (Fluostar Optima; BMG Labtechnologies, Durham, NC) using a
tdiiner2(12) - pSh I pi XNhe/Bintl/blunt A- pRSETB-tdiiner2(12)/ 560/10 nin excitation filter for all viruses, a 585/10 run emission
Bam•Il/EcoRI. All blunted fragments were generated with large filter for the tdinier2(l 2) vectors, and a 605/10 nm emission filter
Klenow fragment (New England Biolabs, Beverly, MA). pShuttle- for the mRFPI viruses- To determine viral DNA content, a sam- IAQtOI
wt-IX-mRFPI was made by ligating pShuttle-IX-mRFPl/ pie (101L) ofeach fraction was diluted in 90 PL of0.5% sodium
BspHl/Mfel with the BspHl/Mlel fragment from pShuttle- dodecyl sulfate in PBS and incubated at room temperature for
wt-IX-EGFP containing the wild-type El region; pShuttle- 10 minutes to release the viral genonmes. Absorbance at 260 nm
wt-IX-tdimer2(12) was similarly constructed All EI/E3-deleted was then measured for each sample (MBA 2000: Perkin Elnier,
final genomes were made by recombining the above shuttle Shelton, CT)
plasmids (linearized with Ptmcl) with pAdEasyDS, a modified
pAdEasy plasmid that allows double-selection recombination Tracking of Red Fluorescent Adenovirus Infection

IAQ61 (unpublished data). The wild-type vector", with the red fluores-
, cent protein labels" IlX-iRl PI and IX-tdimer2(12), was recomi- A549 cells (2.5 x 105 cells/well) were seeded in phenol red-

IAQ7I bined with pTG3602DS, a modified El-deleted pTG3602 free growth medium (Dulbecco's modified Eagle [DME]-5%
plasmid that also allows double-selection recombination. Clones letal calfserum [FCS]) in six-well plates containing glass cover-
were verified by digestion with restriction enzymes and 0.8% slips (one per well). The next day, cells were incubated for I hour
agarose gel electrophoresis. The viruses generated include El/ at 4 'C with (two wells) or without (four wells) recombinant
E3-deleted control vectors (with wild-type [wt] protein IX adenovirus serotype 5 fiber knob (24) (I ,ig/mL) in 500 pL of
IptX]) adenovirus (Ad)-EI-CMV-rmRFPl and Ad-EI-CMV- phenol red-free DME medium containing 25 mM HEPES buffer.
tdimer2(12), EI/E3-deleted Ad-IX-mRFPI and Ad-IX- Ad-IX-imRFPI or Ad-IX-tdimer2(12) (10000 viral particles/
tdimer2(12) with plX modifications, and wild-type El/E3 cell) were added to the infection solution to a total volume of
Ad-wt-IX-mRFPI We were unable to recover Ad-wt-IX- I mL. The viruses were allowed to bind to the cells at 4 'C for
tdimer2( 12). Therefore, Ad-wt-I X-mRFP I served as a surrogate I hour (cell binding and Ad5 knob block). Two wells with the
oncolytic replicative vector for our studies, added viruses were further incubated at 37 'C for 1.5 hours
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quantified by TaqMan real-time quantitative PCR with E4 prim- the tissue. Samples of the tumor homogenate (40 fiL [or roughly
ers, as described above. The correlation coefficient (Pearson's r) 10 mg] for large tumors and 10 f.L [or approximately 2.5 mg] for
was calculated with the CORREL function in Microsoft Excel, small tumors) were used for total DNA determination and viral
Office 2003 (Microsoft Corp., Redmond, WA). DNA copy number as described above. The transducing unit titer

and cytopathic effect unit titers were determined in the homoge-
Fluorescence-Based In Vivo Optical Imaging nate using the same methods described for purified virus. How-

ever, in this case, the cytopathic effect unit was determined 10
plX-mRFPI fluorescence was detected noninvasively using days after infection and would give higher values than the same

a custom-built optical imaging system. Briefly, a cryogenically assay read 2 days after infection. All results are presented as total
cooled, back-illuminated Princeton Instruments VersArray: I KB values scaled for the entire tumor mass. The correlation coeffi-
digital charge-coupled device camera (Roper Scientific, Trenton, cient (Pearson's r) was calculated with the CORREL function in
NJ) with a liquid nitrogen autofill system was mounted on top of Microsoft Excel. Two of the six original mice were maintained
a light-tight enclosure. The camera was coupled with a 50-mm and imaged over the 30-day experiment. Images were processed
Nikkorfil.2 lens (Nikon, Melville, NY) for image acquisition. and analyzed accordingly.
Excitation light for fluorescence imaging was delivered by a
Dolan-Jenner Fiber-Lite MH-I00 metal halide light source Comparison of In Situ Detection of pIX-mRFPI Signal
equipped with a dual-fiberoptic gooseneck. Excitation and emis- With Hexon Staining
sion filter wheel assemblies were integrated with the light source
and lens. Bandpass filters included 490/10 and 560/10 nm for Established A549 tumors injected with Ad-wt-[X-mRFPI
excitation and 535/30 and 605/55 nm fbr emission (Chroma were excised on day 7 after injection and frozen in a dry ice-
Technology, Rockingham, VT). ethanol bath. Frozen tumor sections (5 pm) were fixed onto glass

A549 cells (7.5 x 106) were inoculated in the left and right slides with 3% fomialin, blocked with 1% BSA-PBS, and probed

IAQtSI flanks of athymnic nude mice (n = 6)*" (National Cancer Insti- with a polyclonal goat anti-hexon antibody at approximately
lute-Frederick Animal Production Area, Frederick, MD) to es- 20 pg/mL (1 :200 dilution. Chemicon, Temecula, CA) for I hour
tablish tumors. When tihe tumors reached 5-10 mm in diameter at room temperature. The slides were then washed with 1%
(in approximately 3 weeks), a single intratumoral injection of BSA-PBS and incubated with an Alexa Fluor 488-labeled
Ad-wt-IX-mnRFPI (10'° viral particles in 10 pL total volume of secondary donkey anti-goat antibody ( 1:200 dilution; Molecular
PBS) was performed for each tumor without deliberate spread- Probes, Eugene, OR). The slides were washed again with 1%
ing of the virus with the needle. Mice (up to three) were placed BSA-PBS, and the cells were counterstained with Hoechst 33342
in the imaging chamber and maintained with 2% isoflurane gas (Molecular Probes) and prepared for fluorescence microscopy as
anesthesia at a flow rate of approximately 0.5-1 L/min per described above.
mouse (Highland Medical Equipment, Temecula, CA). Images
were acquired with WinView/32 software (Roper Scientific). Statistical Analysis
To detect red fluorescence, images were captured atfl4 and fl2
with 2- and 5-second exposure times using two filter combina- All statistical analyses were performed with a two-sided
tions: 560/605 and 490/605 (excitation/emission). The former single-factor analysis of variance test. P values <.05 were con-

filter setting applies to a red fluorescence signal and the latter sidered statistically significant.

configuration pertains to background autofluorescence. A
bright-field image was also taken atfll6 for I second and at the RESULTS
lowest light level. Background subtraction was performed in
WinView/32 after scaling the background image with a factor Incorporation of pIX-mRFPI and pIX-tdimer2(12)
determined from areas surrounding tumors of individual mice Into Viral Particles
(27). The positive signal from background subtracted images
was segmented and analyzed in ImageTool 3.0 (The University We initially constructed EI/E3-deleted viruses with carboxyl-
of Texas Health Science Center in San Antonio, TX) for inte- terminal fusions of pIX with monomeric and tandem dimer red
grated density (the product of mean intensity and signal area). fluorescent proteins [mRFPI and tdimer2(12), respectively] (19).
Index color image overlays were created in Photoshop 7.0 After standard CsCI double ultracentrifugation of the two vec-
(Adobe) using the segmentation or thresholding parameters tors, we observed that the colors of the empty (top) and mature
determined in ImageTool. (bottom) viral bands were different from those obtained from pu-

rified conventional unlabeled vectors: Ad-IX-mRFPI was purple
In Vivo Correlation of pIX-mRFPI Signal With and Ad-IX-tdimer2(12) was pink (Fig. 1, A, data not shown). The IFtI
Replication and Dynamic Monitoring difference in color between these two vectors is probably due to

the excitation and emission properties of the fluorescent proteins
IAQI61 All" mice (n = 6) were imaged daily and analyzed using the (19). Applying our previously established approach (21), we col-

above procedure. On day 6 after injection, the day after the lected fractijons of each viral gradient and analyzed each sample
maximal signal intensity was observed, four mice were killed. for red fluorescence and viral DNA content. Fluorescent peaks
Dissected tumors were imaged in their anatomic position ex vivo were detected for both the bottom and top bands of the two vi-
and then frozen at -80 'C until use. The tumors were homoge- ruses, which coincided with the optical absorbance peaks of viral
nized with the Mini-Beadbeater (BioSpect Products, Bartlesville, DNA (Fig. I, B). Red fluorescent purified viral particles could be
OK) and incubated with liver digest medium (4 pL/mg oftumor: easily visualized using fluorescence microscopy for both vectors
Invitrogen, Carlsbad, CA) for I hour at 37 'C to further disrupt (Fig. I, C).
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A Ad-IX-mRFP1 Ad-IX-tdimer2(12)

E l
B Ad-IX-mRFP1 Ad-IX-tdimer2(12)

4- 6 0.8 6 0.8-.

Fig. I. Characterization of'red fluorescent protein IX (p!X)- 5 5
labeled adenovirus gradients. A) Images ofAd-IX-inRFPI and 0.6 06
Ad-lX-tdiner2(12) top and bottomn virus bands after cesium 4 4
chloande (CsCI) ultracentrihiFgation that were captuied under 4
normal anibicin lighti,•g. B) Fractions fion Ad-IX-aRFPI
and Ad-IX-tdiner2(12) CsCI viris gradients were measured a 0.4 3 04 -e
for red fluorescence (open circles) and viral DNA content .
(absorbance at 260 nat, closed squares) C) Also shown are 2 2
the puaified red fluorescent adenoviral parlicles visualized / 0.2 0.2
under fluorescence aicroscopy Bar = 10 a• 1 1 0

0 -0 0 0 005Fractions (bottom > top) Fractions (bottom > top)

C Ad-IX-mRFP1 Ad-IX-tdimer2(12)

Tracking of Ad-IX-mRFPI particles were seen in the liver, with accumulation being espe-
cially prominent in the sinusoids, where the Kupfler cells reside.

IAQ171 To examine the use of the red fluorescent adenoviruses", we Single particles (orange arrows, Fig. 2, B) were observed in the
incubated A549 cells with Ad-- IX-mRFP I at 4 'C for I hour to hepatocytes. This localization pattern in the liver closely resem-

IAQISI allow virus binding but not internalization. Fluorescence micros- bles what we observed with Ad-wt-IX-EGFP (16). A substantial
IAQ191 copy revealed distinct binding ol'Ad-" IX-mRFPI particles to amount of virus was also detected in the spleen, mostly in the

IF21 the plasma membrane (Fig. 2, A, cell binding). In another ex- marginal zones between the white and red pulp (Fig. 2, B).
IAQ201 periment, we allowed the viruses to bind to the cells at 4 'C." and

then at 37 aC tbr 1.5 hours. After the incubation at 37 'C, numer- DNA Encapsidation Efficiency of Red Fluorescent Viruses
ous viruses were detected at the nuclear metnbrane or inside the
nucleus(Fig. 2,A, nuclear trafficking). Wealsoexamined whether Our goal was to establish genetic labeling of adenovirus with
premicubation with recombinant Ad5 knob would mitigate virus minimal perturbation of normal viral function to retain efficient
binding. Indeed, few particles remained bound to the A549 cells oncolytic activity. One intportant function for viral replication
after washing when knob blocking was implemented (Fig. 2, A, is the DNA encapsidation efficiency ofthe red fluorescent adenovi-
Ad5 knob block), suggesting that the plX-mRFPI fusion did not ruses. To analyze this function, we assayed lysates from 911 cells
negatively affect the virus's interaction with its primary cox- infiected with the two red fluorescent adenoviruses and their re-
sackie adenovirus receptor. Similar results were also obtained for spective EI-CMV expression vector controls for both total and

IAQ2I1 Ad-** IX-tdimer2(12) (data not shown), encapsidated viral DNA copy number using TaqMan quantitative
real-time PCR (Fig. 3, A, left and middle panels). The data revealed IF31

Detection of Ad-wt-IX-mnRFPI in Tissue no differences in the total viral DNA replication of the two labeled
vectors relative to their controls during 4 days of infection, except

To test the ability to detect red fluorescent virus in situ, we in- for total viral DNA comparison between the tdimer2(12) vectors
jected Ad-wt-IX-mRFPI (101 virus particles) into the tail veins on day 4 [Ad-EI-CMV-tdimer2(12) versus Ad-IX-tdimer2(12)
of C57/BL6 mice. Twenty minutes after injection, the hlngs, kid- at day 4, means = 5.50 x 106 versus 9.84 a 106, difference = 4.33 x
neys, liver, and spleen were surgically removed, frozen, and sec- 106, 95% confidence interval = 2.98 - 106 to 5.69 x 106]. Similarly,
tioned for microscopy. In the lungs, red particles were occasionally there were no differences in encapsidated viral DNA between the
visualized around blood vessels and endothelial cells. Likewise, two labeled vectors and their controls during the first 3 days of
very few particles were detected in the kidneys. Numerous viral infection. When the data were expressed as encapsidated vtral
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A Cell binding Nuclear trafficking Ad5 knob block

BLung Kidney

Fig. 2. Deteclion of Ad-IX-inRFPI particles in vitro
A) Tracking of adeirovitus infection in cultured cancer
cells A549 lung adenocarcinoma cells incubated with the
respective red fluorescent adenoviruses were imaged using
fluorescence microscopy to visualize virus binding (left
panel) and nuclear trafficking (middle panel). In the right
panel. A549 cells were blocked with recombinant Ad5 knob
before tle viruses were added. Red, Ad-IX-inRFP I blue,
Floechsl slain for nuclear DNA. green, cytoplasmic and
nuclear autofliiorescctnce; and black/white. phase-contrasi
iniage of the cells. Bar = 20 fun B) Detection ofAd-wt-IX-
itRFPI II tissues. Ad-wi-IX-itRFPl particles were detected
III the lung, kidney, liver, and spleen of a C57/BL6 souse
after ntravenous iojection with 10111 virus pamticles. White
arrows designate clusters of fluorescent viral particles and
orange arrows show singl particles. Bar = 20 in Liver Spleen

DNA Iraction, no differences were noted between the two labeled Thermostability of Red Fluorescent Adenoviruses
vectors and their controls (Fig. 3, A, right panel).

Adenovirus protein IX functions as a minor protein in capsid
Cytopathic Effect of Red Fluorescent Adenoviruses stabilization (28,29). To test whether the fusion of red fluorescent

proteins to plX destabilizes the adenovirus capsid structure, we
The red fluorescent adenoviruses were also evaluated with re- incubated the labeled viruses and their controls at 45 'C. After

spect to their ability to induce a cytopathic effect in infected cells. exposing the viruses to 45 'C for various time intervals, we
IAQ221 This assay gauges viral function on a more comprehensive level" determined the transducing unit to assess the presence of the

because the cytopathic effect is dependent not only on efficient remaining infectious virions that survived the temperature stress
transduction and virus replication but also on spread to neighbor- treatment. No statistically significant decrease in thermostability
itg cells. Any defect in the infection process would result in was detected for Ad-IX-mRFPI and Ad-IX-tdimer2(12) com-
decreased cytotoxicity. 911 cells were infected with 0.5, 0.05, pared with their controls Ad-EI -CMV-rnRFP I and Ad-EI -CMV-
or 0.005 cytopathic effect units/cell ofAd-E I-CMV-mRFP1, Ad- tdimer2( 12) after 5 or 10 minutes at 45 uC." After 20 minutes of IAQ241
IX-mRFPI, Ad-EI-CMV-tdimer2(12), and Ad-IX-tdimer2(12). heat treatment, no infectious viruses remained for any of the four
Cell viability was measured every 2 days after infection for a to- vectors (Fig. 4, A). I F41
tal of 10 days. Under the various conditions examined, there were
statistically significant differences noted at some time points and Coxsackie Adenovirus Receptor-Dependent Binding of
similarities at other time points between the labeled vectors and Red Fluorescent Adenoviruses

I their controls" Overall, however, the differences were minor.
JAQ231 Moreover, all four viruses achieved total oncolysis with similar We next evaluated the extent of the red fluorescent adenovi-

kinetics in a dose-dependent manner (Fig. 3, B). rus interaction with the Ad5 primary coxsackie adenovirus
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1AQ361 Fig. 3. "Viral DNA copy tienber for Ad-El-CMV-ruRFPl (open circtes), Ad- and4. respectively). B) Cytopathic effect of`Ad-EI-CMV-mRFPI (open cirleten,
IX-inRFPI (open squ~ares), Ad-El-CMV-tdiinet2(l2) (open triangtes), and Ad-IX-raRFPI (open squares), Ad-EI-CMV-tdimer2( 12) (open triangtes), aitd
Ad-IX-tdiitier2(l21 (open diamonds) wvere quantified durting infectiont of 911 Ad-tX-1dimer2(l2) (open diamnonds) wvas detenmined iii 911 cells every 2 days

1AQ371 cells over 4 days. Thtree inidependeint esperuveitis were performed" Error bars over 10 days after infection (n 5). Cell viability was measured by an MTS
1AQ381 represent 95% coitfidence intervals'. Comtparisoni of total viral DNA over 4 days: (3-[4,5-diinetltyltttiazol-2-yl]-5-[3-carbosymetltoxypltenyl]-2-[4-sulfoplhenyl]-

Ad-El-CM V-inRFPI verses Ad-IX-niRFPI (P = .23, P - .40, P1= .58, and P' = 2H-tetrazolitiim) assay and displayed as tile percentage of noitinfected cells.
.56. for days 1, 2, 3, aitd 4, respectively) and Ad-EI-CMV-tdimer2(l2) versus Comparison ofAd-EI-CMV-mRFPI versus Ad-IX-mRFPI over tie respective
Ad-IX-tdiiuer2(l12) (P' = 20. P - 11, P' .07. and P<.001 for days 1. 2,3, aitd 4, days. 0.5 cytopathic effect unit (C.PEU)/cell (P = .05, P = 3, P'< 001, PI= 72,
respectively)~ Comparison ofencapsidated vtral DNA over 4 days: Ad-EI-CtvV- P<.001. aitd P< 001), 0.05 CPEU/cell (P' .51, P' .003, 1 = 33. P1' .59, 1P
ittRFPI vcrsusAd-IX-ntRfPl (/'=.76.1 P.35. P'- 08, attd P-OS5 fordays 1, 2. 11, and P = A 1) ' and 0 005 CPEIJ/cell (1P 0 1, P .004, P 0 01, P =03, P' =
3. and 4. respectively), and Ad-El-CM V-tdime12(l2?) versus Ad-IX-tdinier2( 121 .001. and P' = 002). P) values for comparison of`Ad-E I-CM V-tdimer2( 12) versus
(/'= 17, P' = 12, P = 06. and P' = .005 for days 1, 2, 3, attd 4, respectively). Thte Ad-IX-tdiaier2(12( over the respective days. 0.5 CPEIJ /cell (11<.001, P'<001.
resultis are also expressed as fiaction of eitcapssidated viral DNA lencapsidated 11<00 1,' P-5I, and P -. 5 1); 005 CPEIJ/cell (/Pv 00 1, P< 00 1, P= 07, P =.06,
divided by total viral DNA) Comnparisont of eticapsidated viral DNA Fraction P =.05, aitd P' = .05); and 00605 CPEIJ/cell (/'<.00 1. P = .08. P 003, P =.83,
over 4 days: Ad-El-CM V-ittREPl versus Ad-IX-taRFPI (P= 36, P' .37, 1' = 1- .78, attd P = 7 1). All I' saLICSe mere two-sided aitd mere calculated by sinogle-
.08, attd P=. 14 for days 1. 2,3, aitd 4, respectively.) aid Ad-E I-CMV-tdinter2( 12) factor attalysis of'variance.
versus Ad-IX-tditner2(12) (P' = .29, P 33,1P = 27, aitd P' = .06 for days 1, 2,3,

receptor. Coxsackie adenovirus receptor-deficient CHO cells covered'% probably owing to compromise of the pIX function IAQ261

were chosen as the negative control and high coxsackie adeno- required in packaging full-length genomes (30). As a result,
vtrus receptor-expressing A549 cells as the positive control. we used Ad-wt-IX-mRFPI to further investtgate the genetic
The viruses were incubated with A549 and CHO cells at 4 Tc labeling system. We infected A549 and BNL-l NG-A.2 cells in
using vigorous agitation for I hour atnd were then washed to re- vitro with various atmounts of' Ad-wt-IX-mRFPI A549 cells
move urtbound viruses. TaqMan real-time quantitative PCR was are human lung adenocarcinoma cells that are frequently used
used to quatntify the number of bound virions. As expected, CHO to efficiently propagate replication-competent Ad vectors
cells showed mininmal binding of' all tour vectors, similar to (possessing ElI). BNL- I NG-A.2 cellIs are transformed BALB/c

IAQ2SI1 cell samples with no virus addition" A549 cells, however, dem- liver cells. Because human adenoviruses in general do not rep-
onstrated abundant binding of' Ad-IX-mRFPI and Ad-tX- licate productively in murine cells (31), these two cell lines
tdinier2( 12) that was equal to that of the control viruses represent distinct substrates, the former being replication
Ad-El -CM V-nmRFP I and Ad-El -CM V-tdimer2( 12). Similar permissive and the latter being replication nonpermissive for
to the trackitng assay, binding was greatly attenuated when the human AdS5.
A549 cells were initially incubated with recombinant Ad5 "Cell infection was monitored daily over 10 days by measur- IAQ271

knob (Fig. 4, B). ing the kinetics of' red fluorescence resulting firom Ad-wt-
IX-mRFPI replication. [in BNL-ING-A.2 cells, no increase

Correlation of pIX-mRFPI Signal With DNA Replication in plX-mRFPI red fluorescence was detected relative to base-
and Progeny Production In Vitro line levels under any of the conditions tested (Fig. 5, A, lefi

panel). By contrast, strong, dose-dependent augmentation of I FSI
To determitte whether the fluorescence intensity of the la- red fluorescence signal with time was observed itt A549 cells

bet itself corresponds to the level of' virus tnass and replica- (Fig. 5, A, middle panel). These data support the concept that the
tion, we constructed a plX-nnRFP I-labeled virus with intact plX-mRFPI signal can serve as an index of virus replication.
El and E3 regions to serve as a surrogate oncolytic agent. In Fluorescence microscopy of BNL-IN'G-A.2 and A549 cells
contrast, a wvild-type plX-tdlimer2(12) virus could not be re- infected with Ad-wt-IX-mRFPI corresponded to the quantitative
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A Correlation of pIX-mRFPI Signal With DNA Replication

1E 0 , and Progeny Production In VivoS100
The ultimate utility of our genetic capsid labeling system re-

00 0.quires a correlation between fluorescence and viral mass in vivo' IAQ281
005 0.07 To establish such a correlation, we used a fluorescence based

"noninvasive optical imaging system to detect the replication of
0.1 O1 Ad-wt-IX-mRFPI in vivo. Six" athymnic nude mice with estab- IAQ291

S 0.1 lished A549 tumors in the left and right flanks were injected in-

"0,74 005 tratumorally with a single dose ofAd-wt-IX-mRFPI and imaged
Sii 00daily For red fluorescence. After 6 days, tumors from four of the

"• .0mice" were excised, imaged ex vivo, and homogenized. A por- IAQ301" 0 .001
tion of each tumor homogenate was used to measure viral DNA

0000 content, and the clarified supernatant of the remaining homoge-
0 5 10 20 40 nate was used to quantify tranisducing unit titer and cytopathic

Incubation time at 45°C (minutes) effect unit titer.
An array of replication patterns in the different tumors were

B 8 0.97 0.87 observed, despite the initial similarity in tumor sizes and viral
7 -treatment (Fig. 5, B). The variation in fluorescence intensity

6 7among the eight tumors allowed us to perform a correlative anal-
S6 ysis of the underlying level of viral replication for a wide range

of signals. Based on our hypothesis, we expected lower levels of
5s adenovirus in tumors with weaker fluorescence and vice versa.

E
o 078 The fluorescence-integrated densities (product of the mean inten-

4 osity and segmented signal area) were strongly correlated with
C. 0.09
8 3 - total viral genome copy number, transducing unit titer, and cyto-
< 006 pathic effect unit titer in the tumors (Fig. 5, C, r = .93, r = .92, and
z 2 0.20 0.03 •.2 0.21 0.0 r = .97, respectively). Likewise, associating the integrated densi-

S-ties observed in the ex vivo images with these same parameters
1 0.31 0 72 0.07 of adenovirus detectionresulted in even stronger correlation

0 (Fig. 6, A and B, r = .96, r = .97, and r = .97, respectively). We
cells- CHO A A also conducted the same experiment with BNL-ING-A.2 xeno- IF61cells CHO A549 A549+knob
only + + + graft tumors (human Ad5 replication nonpermissive) as a nega-

Ad Ad Ad tive control, which did not produce any red fluorescence signal

Fig. 4. Thenrinostability and coxsackie adenov'iviis receptor-dependent binding of (data not shown). In addition to strong correlation between fluO-
red fluorescent adeno;inises A)TheniiosiabilitiesofAd-EI-CMV-inRFPl (open rescence signal and viral replication, plX-mRFPI localization
bar). Ad-IX-isRFPP (filled bar). Ad-El-CMV-didmer2(12) (hatched bar). and corresponded with the localization of hexon immunostaining
Ad-IX-tdiiner2(12)(gray bar)sweredetennmiedat45 'C forvarioustimes. Results
are presented as the percentage of nontreated virns based on transducing uni (Fig. 7), a technique that is often used to detect adenovirus in It7

IAQ391 tier. Three independent expennents were performed. Error bars represent 95% participants otf clinical trials (32,33). IAQ311
IAQ401 confidence intervals. P' values (two-sided) calculated by analysis of variance

are shown for comparison of the two groups indicated by bie brackets. R) The
coxsackie adenov ins receptor binding ability ofred fluorescent adenovinises was Dynamic Monitoring of Red Fluorescent
assessed in A549 (coxsackie adenovinis receptor posiive) and Chinese hamster Ad-wt-IX-m RFPI Replication In Vivo
ovary (CHO) (coxsackie adenovirus receptor negative) cells. A549 cells were
also blocked ,ssli recombinant Ad5 knob before incubation with lie viruses. The We used the genetic adenovirus labeling system to dynami-
labels below each set of bars indicate the various conditions tested. The extent of
binding is represented as the number of bound genome copy numnber quantified cally monitor the replication and oncolysis ofAd-wt-IX-mRFP I
by TaqMan real-time polymerase chain reaction. Three imdependent experitnents in vivo in two of the six mice with established A549 tumors on

IAQ4II were perfonned. No vcrus was added to the 'cells only" group. The vectors the left and right flanks for 30 days." The images shown are lbr IAQ321
analyzed include Ad-EI-CMV-InRFPI (open bar), Ad-IX-riRFPI (filled bar),
Ad-EI-CMV-tdimer2(12) (hatched bar), and Ad-lX-tduner2(12) (gray bar). one representative mouse with a strong response to the virus over
/'values (two-sided) calculated by analysis of vananceareshown forcontparison 30 days (Fig. 6). Initially, different virus behavior between the
of the two groups indicated by the brackets left and right tumors could be discerned, similar to that observed

in the in vivo correlation experiment and other studies (data not
shown). Similar to other mice, a peak in plX-mRFPI signal

fluorescence observations (data not shown). A red fluorescence intensity was always detected several days following injection,
signal was correlated with two parameters of virus replication after which the fluorescence appeared to decay over time. For
over the I 0-day infection depicted for 0.1 cytopathic effect unit/ example, the signal peaked at day 2 in the left tumor, whereas the
cell of Ad-wvt-IX-mRFPI. viral DNA synthesis (r = .99) and same event occurred at day 4 in the right tumor (Fig. 8, A). We IF8l
transducing unit titer (r = .65). The poor correlation between typically observed maximal signal between 2 and 6 days after
fluorescence and transducing unit titer was much improved injection (data not shown). After the signal peaked, it eventually
during the first 8 days, when cellular and medium conditions disappeared completely (day 9 for the left tumor and day 20 for
were suitable for active replication and progeny stability (r= .92) the right tumor, Fig. 8, A). Note that the occurrence of a second
(Fig. 5, A, right panel). strong signal in the right tumor starting on day 6 appears to be
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Fig. 5. In vitro and in vivo Coirelation ofprolein IX (ptX)-mRFPI signal with A549 tumors from tour mice, 6 days after intratumoral injection with Ad-
replication A) Ad-wt-IX-niRFPI red fluorescent signal (relative fluorescent wt-IX-inRFPl, were imaged ih .ivo. Images shown are pseudocolored with
unit) was monitored in BNL-ING-A.2 (replication nonpennissive) and A549 the indicated index scale. Above lhe wnages are the mouse numbers. Below
(replication permissive) cells over 10 days: I (open circles). 0 1 (open the whole body images are enlarged pictures of the left and right tumors of
squares), 0.01 (open triangles), and 0.001 (open diamonds) cytopatlic effect the respective mouse. C) Correlation of the in vivo pIX-mRFPI signal with
units Oii days t, 2.4. 6,8, and t0 after infection, samples were infected with replication. E4 viral DNA copy number. transducing unit titer, and cytopatlhic
0 1 cytopathic effect unit/cell. and E4 viral DNA copy number (open squares) effect uiiit titer were determiined in tumor honiogenales, as described ini

and tranisducing unit titer (open triangles) were determined Also shown in "Materials and Methods." In each graph, signal quantification from in vivo
lie conelation panel is lie red fluorescence curve of A549 cells infected with images (open bars: total integrated density) is displayed with the various virus

0.1 cyiopathic effect unit/cell (open circles). Pearson's correlatuon coefficient detection measurenients (gray bars viral DNA copy number, transducing unit
between red fluorescence and E4 viral DNA copy number, r = .99. CorTelation titer, and cytopathic effect uini inifectious titer) and the correlation coefficients,
coefficieni between red fluorescence and transducing uni titer (days I, 2, 4, The order in (lie charts corresponds to the tumors depicted in the in vivo inmages
6, 8, and 10). r = .65 Correlation coefficient between red fluorescence and with tie mouse number and left or right tumor indicated below each set of bars.
transducing unt liter (days I, 2, 4, 6, and 8), r = .92. Error bars represent The left axis in each chart represents the in vivo integrated density Error bars

IAQ421 95% confidence intervals." B) Noninivasive detection of plX-tniRFPI signal. represent 95% confidence intervals." IAQ431

close to the itjection site where granulation tissue eventually ing little or no residual viral replication activity after 2 weeks to
formed. Interestingly, the right tumor with the most intense plX- produce an ongoing antitumor effect. Quantification of the fluo-
mRFP I signal regressed almost completely (day 20); however, it rescence signal intensity in the tumors ofthis mouse further high-
eventually relapsed after the plX-tnRFPI signal abated, indicat- lights the transient behavior of Ad-wt-IX-mRFPI replication
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A 1 2 3 4
Fig. 6. Correlation of ex vivo protein IX (pIX)-
inRFPI signal with replication. A) Excised tumors
from the same mice shown in Fig. 5, B. were
imaged for red fluorescence in their respective
anatomic positions. B) E4 viral DNA copy number, 0 5 10 15 20 25 30 35
traitsducing unit titer, and cytopathic effect unit titer Relative fluorescent units (lO

3
)

were determined in tintor hoinogenates. In each
chltn, signal quantification ofcx vivo images (open
bars: total integrated density) is displayed with the B Integrated density vs. Integrated density vs. Integrated density vs

viral DNA copy number transducing unit titer cylopathic effect unit titer ."

6 R

various virus detection ineasumieitets (grey bars 8 714 8~.9

coefficients. The order in tie charts corresponds 10 6 7
to the tumors depicted in the ex vivo images with 5 5 T
the mouse inimber and left or right tmnor indicated 4 4
below each set of bars. The numbers above the ex 3 3 1 3 t=
vivo images correspond to the respective mouse [] 2 4 2
shown in the in vivo correlation study (Fig. 5. Ell 2

IAQ441 Error bars represent 95% confidence inutervals." E 2R .L 0 t- L IR I-01L 1R 2L 2R3L 3R4L 4R IL IR 2L 2R 3L3R 4L4R 1 RLRLRLR3

in vivo (Fig. 8, B). These data show the feasibility of using this designed primarily to validate the basic utility of our system,
genetic capsid labeling system to dynamically monitor adenovi- we observed a number of important findings pertaining to ade-
rus replication in vivo and to capture the kinetic changes in this novirus oncolytic function. In particular," we found that adeno-
process. virus replication was highly variable from tumor to tumor, even IAQ331

in the same mouse. If this differential response is an inherent
DIscussIoN aspect of intratumoral injection techniques, then studies relying

on methods such as tumor size measurements to gauge oncoly-
We have created a genetic capsid adenovirus labeling sys- sis function should be carefully revisited. The natural heteroge-

tern by fusing the minor capsid protein IX with mRFPI and neity of tumor mnicroarchitecture and host response to vectors
tditner2(12). The capsid fusion protein label was incorporated can substantially impact the function of replicative vectors in
into virions to allow vector detection in tracking assays and in vivo (34). Therefore, a well-designed conditionally replicative
various tissues with high resolution. Modification ofthe pIX cap- adenovirus evaluation should embody tools that not only gauge
sid protein with the red fluorescent proteins had a minimal effect tumor response to vectors but also simultaneously delineate
on virus DNA replication, encapsidation, cytopathic effect, ther- vector Function. Robust tumor regression should be attributed
mostability, and binding to its primary receptor coxsackie adeno- to oncolytic effect as a consequence of strong viral replication
virus receptor. plX-mRFPI signal represented the underlying and spread. Indeed, our detection system showed that strong
level of adenovirus replication both in vitro and in vivo and cor- virus replication does lead to regression of the affected tumor
related well with viral DNA synthesis and infectious progeny (Fig. 8). Furthermore, we noted that weak replication or subse-
production. Furthermore, the localization ofplX-mRFP I matched quent attenuation of replication allows the tumor to actively
results obtained with the conventional hexon staining method progress (Fig. 8). Without a noninvasive detection method, one
used to detect the presence of adenovirus. We also successfully that allows repeated monitoring of virus replication, failure or
applied the genetic capsid labeling system to dynamically follow success in achieving a therapeutic effect would be difficult to
the kinetics ofadenovirus replication in vivo. determine.

The data we obtained in vivo demonstrate that this new What was not clearly ascertained with our adenovirus moni-
imaging method to detect adenovirus replication greatly differs toring system was true spread of virus replication in the tumor,
from conventional vector detection methods. With our method, even though we attempted to use a minimal volume (10 pL) of
the kinetics of viral mass and localization could be visualized in injected virus and deliberately avoided moving the needle to
real time with a noninvasive procedure. Although our study was distribute the virus in effect to create an initial small locus of

plX-mRFP1 hexon merge

Fig. 7. Comparison of protein IX (pIX)-inRFPI
in situ localization with hexon staining A frozen
tissue section from an A549 tumor injected with
Ad-wt-IX-umRFPI (7 days after injection) was
inmuinostaimed for adenovirus hexon protein.

as described in "Materials and Methods." pIX-
mRFPI (red). hexon (green), and nuclear DNA
(blue) signals were detected under fluorescence
microscopy. In the overlay (merge), areas ofyellow
indicate overlap of red and green fluorescence.
Bar - 100 pin
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infection from which virus spread could be properly visualized, and practice intentional distribution of the virus to achieve wide-
We have injected a similar amount and volume of virus (1010 spread infection for an effective antitumor response". Future
virus particles, 10 1aL) in mice with larger tumors (greater than studies should be devised to address this issue of virus lateraliza- IAQ341
10 mm in diameter), and imaging also did not reveal the degree of tion and perhaps incorporate strategies to enhance dissemination
spread expected from a replicative adenovirus (data not shown), of progeny virions. Our genetic capsid labeling system would
A positive plX-mRFPI signal was not detected in the margins of provide the means to evaluate spreading of oncolytic adenovi-
the tumors, but the intense signal in the center ofthe tumor never ruses in this respect.
spread far beyond the initial injection site. Our results are consis- The transient nature of virus replication detected in vivo in
tent with preclinical studies demonstrating the limited ability of this study also raises questions regarding the persistence of ade-
oncolytic adenoviruses to spread intratumorally (35), probably novirus replication in subcutaneous tumors of athymic nude
ow ing to confinement by surrounding necrotic and connective mice. We have routinely noticed this trend; i.e., a number ofmice
tissues (36). The poor lateralization capability of adenovirus in besides the ones used in this study showed attenuation of pIX-
tumors is also suggested by in situ viral DNA hybridization data mRFPI signal in a matter of weeks (data not shown). The short-
from clinical trials that show a few focal patches of positive cells lived intratumoral replication of adenovirus observed in our
rather than gross, widespread presence olfviral DNA (12,13,15). experiments corresponds with persistence data obtained in clini-
For this very reason, most preclinical conditionally replicative cal trials. In patients, a peak in circulating viral DNA was typi-
adenovirus studies rely orn much larger volumes for virus injec- cally detected several days after virus administration, indicative
tion (50 or even 100 luL), apply multiple viral administrations, of active replication. Yet, over the course of a few weeks, a
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substantial decrease to baseline followed, indicating clearance (12) Nemunaitis J, Ganly I, Khuri F, Arseneau J. Kuhn J, McCany T, et al.

of tile oncolytic agent (14,37,38). Replicative adenovirus per- Selective replication andoncolysis in p53 mutant tumors with ONYX-015.

sistence in the tumor requires efficient infection of viable cells an EIB-55kD gene-deleted adenovirus. in patients with advanced head and

neck cancer: a phase II trial. Cancer Res 2000;60:6359-66.for replication as well as effective release and spread to neigh- (13) Khuri FR, Nermunaitis J, Ganly t, Arseneau J, Talnock IF. Romel L,

boring cells for subsequent infection. Moreover, the virus has to et al. A controlled trial ofintratnmoral ONYX-Ol5. a selectively-replicating

elude the challenge mounted by the host immune system. Our adentovirus. in combination with cisplatin tid 5-fluorouracil it patients with

adenovirus monitoring system offers the potential to study these recurrent head and ineck cancer. Nat Med 2000W6:879-85.

host-vector interactions that are consequential for replicative (14) Nemunaitis J, Khuri F, Galty I, Arseneau J, Posner M, Vokes E, et al. Phase

adenovirus function. It is conceivable that in vivo clearance of II trial ofiutratumoral administration ofONYX-Ol5, a replication-selective

the vector may have been due to immunogenicity of not only the adenovirns, in patients with refractory head and neck cancer. I Clin Oncot
200 I; 19:289-98.

native viral capsid proteins but also the red fluorescent protein (15) Galanis E, Okuno SH, Nascilnento AG, Lewis BD, Lee RA, Oliveira AM,
used to label the exterior of the capsid. Further investigation is et al Phase I-It trial ofONYX-015 in combination with MAPchemotherapy

needed to determine the extent to which the exposed fluorescent in patients with advanced sarcomas. Gene Ther 2005,12:437-45
label oIt the viral capsid contributes to the immune response (16) Le LP, Everis M, Dmirriev IP. Davydova JG. Yamamoto M, Curiel DT

directed against tile vector. Fluorescently labeled adenovirus with plX-EGFP for vector detection Mol

Certain limitations are associated with the use of fluorescence Imaging 2004'3:105-16.

imaging in our genetic capsid labeling system. The detection (17) Fallaux FJ, Kranenbiurg 0. Cramer SJ, Houweling A, Van Onnondt H,
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volumetric fluorescence signals. Other imaging ligands that may (20) Dmmnev IP, Kashentseva EA, Curiel DT Engineering of adenovirus vec-

be more practical for deeper detection within tissue, such as lucif- tors containing hieterologous peptide sequences in the C tenninus ofcapsid
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